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FROM THE EDITORS 
391-392 
It has become a tradition to publish the lectures from the annual 
Plant Science Lecture Series in the Iowa State Journal of Research. 
The departments of Agronomy, Botany, Forestry, Genetics, Horti-
culture, and Plant Pathology of Iowa State University coordinate this 
lecture series. Each series is composed of six to eight seminars related 
to a theme that is selected to be timely and relevant to genetically 
improving field, forage, forest, and horticultural crops. The theme for 
the 1986 Plant Science Lecture Series was "Plant Biotechnology: 
Somaclonal Variation." 
Plant breeding as we know it today had its origin with the 
rediscovery of Mendel's Law in 1901. The discoveries that genes retain 
their unique identities even when they are not expressed in pheno-
types and that many of them segregate independently of each other 
provided the bases for plant breeders to construct new and ideal 
genotypes. For eight decades, plant breeders, via artificial crossing, 
have created genetic matrices from which predictable genetic recom-
binants could arise. Most of the cost and time spent on plant 
breeding, however, has been devoted to developing methodologies by 
which the desired recombinants could be identified. The progress in 
improving crops made by plant breeders, although phenomenal, has 
been limited by natural barriers to crossing and the fact that, in 
general, selection had to be based upon whole plants or progenies. 
Today, there is emerging, from research on cellular and molecular 
biology, a new array of technologies that will have significant impact 
on the success of plant breeding. These, popularly called "Genetic 
Engineering," make it possible, first, to bypass the natural barriers to 
crossing and thus increase the breadth of genetic recombination that 
breeders can manipulate, and second, for certain traits, to practice 
selection among cells in a test tube or petri dish. 
Because plant breeding of the future will encompass genetic 
engineering in its repertoire of technologies, we decided to devote the 
Plant Science Lecture Series for 1986-88 to various aspects of what is 
more broadly called "Plant Biotechnology." The theme for the 1986 
lecture series, published in this issue of the Iowa State Journal of 
Research, is "Plant Biotechnology-Somaclonal Variation." When plant 
cells or tissues are cultured in vitro for several months, many 
mutations occur. If plants can be regenerated from the tissue 
cultures, these mutations give rise to genetic variation among plants 
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which collectively is called "somaclonal variation." In this series of 
papers, an up-to-date review is given of (a) the possible causes of 
genomic instability in plant cell and tissue cultures, (b) the physical 
nature of the mutations that occur, and ( c) the potential for using 
sQmaclonal variation in crop improvement. 
Kenneth J. Frey, Coordinator 
Plant Science Lecture Series 
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SOMACLONAL VARIATION: 
HISTORY, METHOD, AND MEANING 
P. J. Larkin 1 
393-434 
ABSTRACT. Somaclonal variation is defined and its historical roots explored. 
Some reluctance to recognize and accept somaclonal variation may be traced to 
the widespread presupposition that mitosis is a conservative process. Issues 
relating to the rationale and procedure of using somaclonal variation are reviewed 
in some detail. For example, the effects of the explant and the culture conditions 
are discussed. Appropriate controls are considered. Specific examples are pro-
vided for the various types of genetic events shown to be responsible for 
somaclonal variation. These include chromosome number changes, chromosome 
structure rearrangements, gene copy number changes, single gene mutations, 
altered expression of multigene families , and activity of transposable elements. 
The biological and agronomic significance of such events is discussed. 
Index Descriptors: somaclonal variation , plant cell culture, gene mutation, 
gene amplification, science history. 
INTRODUCTION 
When plants are regenerated from cultured cells, the original and 
reasonable expectation was that they should be genetically uniform 
and identical to the source plant. That expectation was of course 
based on the fact that the process depends entirely on mitosis which 
is conceived as being a conservative mode of cell multiplication. While 
that dogma has not really been cast aside, molecular genetics in 
particular, however, is revealing that there is· greater plasticity and 
flux. possible in mitosis than was previously recognized. 
We were not the first to note that plants regenerated from 
cultures were not always uniform. It was, however, Larkin and 
Scowcroft (1981) who had the temerity to propose a name for the 
phenomenon. Despite Shakespeare's insistence that "a rose by any 
other name would smell as sweet," names may either make or break a 
phenomenon's bid for attention. In this case the name provided was 
"sornaclonal variation," and that paper has spawned considerable 
interest and research. Whether or not our original contention that 
"somaclonal variation can provide a valuable adjunct to plant improve-
ment" will be vindicated remains to be seen. I shall point to examples 
that I believe are the beginnings of such vindication. 
1CSIRO, Division of Plant Industry, P.O. Box 1600, Canberra ACT 2601. 
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HISTORICAL PERSPECTIVE 
An attempt to provide historical credit where it is due may be a 
dangerous enterprise. We shall plead for tolerance from those we may 
slight in the process. 
It is an interesting reflection on our human nature that what we 
observe and conclude is to a very significant extent coloured by what 
we expect. Philosophers of science are beginning to give more 
attention to the importance of presuppositions in the process of 
science. The strict objective image of the scientist inherited from 
Francis Bacon and Rene Descartes is giving way to more realistic 
views. A hundred years ago the Christian philosopher Abraham 
Kuyper asserted that presuppositions guide the way we see things 
and the conclusions we draw. More recently Popper argued that our 
theories usually arise from our biases and conjecture rather than 
from any strict inductive or deductive process. What really matters, 
however, is whether the theory can be falsified by scientific observa-
tion. Various disciples of Popper, such as Lakatos, Kuhn, and 
Feyerabend, have gone further than the master and conceded that in 
practice theories are not even discarded by falsification but rather 
gradually qualified until unrecognizable. It is disturbing that science 
teachers and the popular press continue to portray science as a 
strictly objective and rational enterprise. 
For many years plants have been regenerated from cell culture, 
especially by the micropropagators for nurseries. When you talk to 
these people now, they readily admit they were roguing very heavily to 
discard the off-types. Yet the prevailing conservatism of cloning 
dogma and the economic factor combined to preserve established 
theory despite the continuing presence of "funny" plants. But there 
comes a breaking point when conflicting observations step beyond 
being just an embarrassment. They demand accommodation by our 
suppositions. I think I would have to give the gold star to Don Heinz 
and Grace Mee at the Hawaiian Sugar Planters' Association Experi-
mental Station. Their annual reports from 1967 reflected this changed 
thinking which was more formally reported by Heinz et al. (1969) and 
Heinz and Mee ( 1971 ). Although little attempt was made to explain 
the variation genetically, it was sufficiently evident for them to invest 
some breeding efforts in it. 
It had already been recognized that chromosome complement 
changes could be occurring in cell cultures and regenerants (e.g., 
Murashige and Nakano, 1967; Heinz et al., 1969; Sacristan and 
Melchers, 1969). Such variation understandably did not cause great 
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excitement since it was unlikely to result in crop improvement. 
Sugarcane, where the ploidy levels are high and the chromosome 
numbers variable between cultivars, might constitute an exception. 
Culture-induced loss or addition of particular chromosomes might 
actually result in ameliorations which could be sufficiently stable for 
vegetative propagation. Recent reviews on chromosome variation in 
culture are D'Amato (1978), Bayliss (1980), Constantin (1981), Karp 
and Bright (1985). We shall return to chromosomes in our considera-
tion of the importance of structural modifications in a later section. 
A particularly important paper in historical retrospect is by 
Skirvin and Janick (1976). This did not receive the attention it 
deserved, perhaps because too few read the horticultural journal 
which published it. These authors described the recovery of variant 
plants from callus cultures of scented geraniums (Pelargonium spp.). 
The frequency of variation for plant size, flower and leaf morphology, 
oil components, fasciation , pubescence and anthocyanin production 
was dependent on the age of the callus and the variety of Pelargonium. 
The authors could ascribe some of the changes to segregation of 
chimera! tissue and some to ploidy changes. Other changes did not fit 
either of these categories and were described as "unknown heritable 
changes possibly individual chromosome aberrations or gene muta-
tions." They go on to argue that "calliclone variation" may be used to 
generate variablity for the plant breeder and may be of particular 
importance in vegetatively-propagated or apomictic crop clones. 
'Russet Burbank' potato is offered prophetically as an example. Some 
of these thoughts are developed more generally in Skirvin ( 1978). 
Green ( 1977) also indicates a healthy recognition of the genetic 
variation which may arise from culture. 
French workers seemed to have been impressed early by culture-
induced variation (e.g., Pelletier and Pelletier, 1971 , with white 
clover). Sibi (1976) examined morphological variants regenerated 
from lettuce cultures. These she called phenovariants. Some mutations 
segregated in the next generation consistently with single recessive 
(e.g. , chlorophyll deficiency) and single dominant (e.g. , enhanced 
axillary shooting) genes. Sibi also noted a number of phenovariants 
which did not segregate over 4 generations. Results from test crossing 
suggested that these were cytoplasrnically determined. She further-
more observed a type of hybrid vigour when some of these non-
segregating variants, from the same donor genotype, were inter-
crossed. All of the plants studied by Sibi were reported as normal 
cytologically with 2n = 18. Although I confess to being puzzled by Sibi's 
analyses and discussion, her data are of considerable importance and 
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mark the beginning of a detailed genetic approach to the study of 
sornaclonal variation. 
Genetic interest was also corning to bear on culture-induced 
variation in tobacco where breeders were beginning to use anther 
culture to speed the production of pure breeding lines. Concurrently 
Devreux and Laneri (1974) , Oinurna and Yoshida (1974), and later 
Burk and Matzinger ( 1976) described very considerable agronomic 
and morphological variation among doubled rnicrospore-derived lines. 
This work sparked a controversy as to whether residual hetero-
zygosity in the highly inbred donor lines could explain the variation. 
Arcia et al. (1978) argued against residual heterozygosity in the 
parental material. For some heterozygosity to have been maintained 
through so many selfing generations (probably in excess of 20) would 
require heterozygotes to exhibit significant advantage in the seedling 
stage prior to transplantation. Such an advantage was not observed. 
Collins and Legg ( 1980) remained unconvinced that there was no 
residual heterozygosity whose elimination in the dihaploids resulted 
in the variability. However, they offered no evidence for the existence 
of such heterozygosity. 
Work by De Paepe et al. (1981) with Nicotiana sylvestris seemed 
to discount the explanation based on residual heterozygosity. They 
found extensive variability amongst diploid plants obtained from 
binucleate rnicrospores. A second cycle of androgenesis from the 
dihaploids generated even further variation. 
We need also to consider the work of Oono (1975, 1978, 1981) . In 
a series of experiments beginning in 1970, regenerant progeny lines 
were examined from rice anther and embryo cultures. Many traits, 
both morphological and quantitative, were followed over a number of 
generations. The donor plant was absolutely homozygous (being a 
dihaploid derived from the inbred cv. Norin 8). Seed calli were 
initiated from 75 seeds, and 1121 sornaclones regenerated. The selfed 
progeny of these were examined over 3 generations for many 
characters including plant height, chlorophyll mutations, heading 
date, panicle length, grain yield, and 1,000-grain weight. Many of the 
variations observed in the primary sornaclones (D1) segregated in the 
progeny (D2), and by D3 many variant lines had been obtained in a 
pure-breeding state. Among them were some with increased grain 
number, panicle number, and 1,000-grain weight. When the D1 families 
were analyzed for just 5 characters, only 28.1% of the sornaclones 
were normal, and 28.0% of the D1 families were variant in 2 or more 
characters. 
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Thus, although ploidy changes and other chromosome number 
changes were widely recognized, they were yet actually a stumbling 
block to appreciating that culture could produce gene mutations. 
Variant somaclones could be dismissed too readily by assuming t hey 
were polyploids or aneuploids. Thus the widespread assumption that 
chromosome numbers might vary was actually counterproductive to 
further investigation. It is for this reason that I would mark 
Ahloowalia's papers ( 1976, 1978) as critical. Here, for the first time, 
chromosomal structural alterations were reported in regenerants. 
Observations of meiosis in Lolium somaclones studied enabled recip-
rocal translocations, deletions and inversions to be identified. In my 
mind at least, these observations bridged a gulf between gross 
chromosomal and genie mutation. Fine structural rearrangements of 
the chromosomes were occurring in culture, and it seemed an 
altogether sensible extrapolation to pose that they could also be 
sufficiently fine to be unobservable as meiotic events. 
An important boost to wider awareness of culture-induced 
variation came with the widely-read potato work of Matern, Strobel, 
and Shepard (1978), Shepard, Bidney, and Shahin (1980), and Secor 
and Shepard (1981). They worked largely with the sterile cultivar 
Russet Burbank and derived many thousands of "protoclones" from 
leaf protoplasts. From their earliest experiments, 1,700 protoclones 
were evaluated for generally favorable horticultural characters. Gen-
eral evaluation of 396 selected protoclones in a subsequent year 
reduced their number to 65, which were then carefully examined in 
randomized complete blocks (9.lm rows) with six replications. Statis-
tical analysis of 31 characters showed significant variation in 22 
characters and no significant variation in 9 characters. Four additional 
characters showed variation but were not amenable to statistical 
analysis. Two of the characters showing variation were the number of 
seed balls (7 protoclones produced at least 50x more seed balls than 
Russet Burbank) and the weight of USDA #2 tubers (14 protoclones 
with higher weights). None of the protoclones had a significantly 
higher total tuber weight, and only 11 had significantly less. 
Three clones varied in only 1 character, 1 clone varied in 17 
characters, and the mode class ( 15 clones) varied in 4 characters. 
Perhaps the most exciting results of their work related to disease 
resistance. They screened 500 protoclones for resistance to Alter-
naria solani (early blight) toxin preparation, and 5 were found to be 
resistant. Four of these also showed resistance to the pathogen. They 
screened 800 protoclonal plantlets for resistance to late blight 
(Phytophthora infestans) and found 20 resistant to race 0. Most of 
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these also showed some resistance to races 1, 2, 3, and 4. These 
resistances appeared stable through subsequent tuber generations 
and partially stable through a second protocloning cycle. 
This work did much to popularize what they called 'protoclonal 
variation.' One element of confusion, unintended by the au~hors, was 
that many others associated the variation with protoplasts only. This 
confusion has since been clarified in potato by subsequent work 
demonstrating variation from cultures of leaf protoplasts and other 
explants (rachis, stem, petiole) (Van Harten et al., 1981; Thomas et al. , 
1982; Bright et al., 1983). Barbier and Dulieu (1980) demonstrated in 
tobacco that variation arose following both protoplast and non-
protoplast culture. We shall return to this later. 
Most of the preceeding discussion has concerned the major 
events that brought somaclonal variation to the attention of cell 
culturists who had been presuppositionally disposed to expect clonal 
uniformity. However, another class of scientist associated with plant 
cell culture are those inclined to a microbial genetic perspective. They 
already had an expectation of mutants from culture but only at very 
l~w frequencies such as 10·5or 10·6 or less. This thinking is illustrated 
by Chaleff and Carlson (197 4). Their goal was to culture haploid plant 
cell lines under defined conditions and isolate mutants in specific 
functions. Such systems would be comparable to microbial systems 
and should allow the genetic and biochemical dissection of plant 
processes important to agronomic production. 
The microbial model led workers to presume chemical or physical 
mutagens would be required in combination with efficient cell 
selection to enable low frequency events to be recovered. Haploid cells 
were required because induced mutations were almost invariably 
recessive. Such thinking was of course entirely faithful to the genetic 
textbooks and to neo-Darwinian dogma. However, the nature and 
pattern of somaclonal variation does not fit neatly to such presump-
tions. Firstly, the frequencies of variants seemed absurdly high and 
were appearing in diploid, tetraploid, and even higher ploidy cultures. 
Secondly, they were appearing in non-mutagenized controls, and 
there was often no convincing evidence that mutagenic treatments 
enhanced the frequency of mutation. This was the case for 
Helmintlwsporium sacchari tolerance in sugarcane (Heinz et al., 
1977) where MMS or ionizing radiation failed to enhance the varia-
tion, and where the frequencies were so high that resistance could be 
found with screening of regenerants. This was confirmed by further 
studies by Larkin and Scowcroft ( 1983). Another example which 
illustrates the dilemma is in the in vitro selection of herbicide tolerance 
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in tobacco reported by Chaleff and Parsons ( 1978) and Chaleff and 
Keil ( 1981 ). Mutagenized tobacco cultures were selected for tolerance 
to picloram. The authors attempted to regenerate plants from seven 
surviving colonies. Two of the seven seemed unstable. All the five 
remaining mutant cultures gave plants with stable, heritable picloram 
resistance. Three were dominant and two semi-dominant. Two of the 
dominant genes were linked, and the others were unlinked. The 
workers estimated a frequency of 2.7 x 10-6 per selectable unit which 
seems an admirable microbial genetic number. Caution is required in 
the interpretation of such frequencies, because they are extremely 
difficult to derive accurately with plant cell cultures. One reason for 
the difficulty is the density-dependent efficiency of plating. However 
the Chaleff group, to their surprise, found three of the five picloram 
resistant (PmR) mutants were also resistant to hydroxyurea resistance 
(HuR), and that resistance was due to a single dominant nuclear gene 
which segregated independently of PmR in two of the three cases. 
This recovery of HuR without selection and without linkage to PmR is 
remarkable. On the one hand, they estimate recovery of mutations of 
one locus at 2. 7 x 1 o-6 per selectable unit. On the other hand, they 
have recovered mutants at another two independent loci at 2/ 5 and 
1/5. The HuR and PmR mutants were not cross-resistant and 
therefore not cross-selectable. 
The adequate resolution of this dilemma for those who think in 
microbial genetic terms will lie in the molecular understanding of 
genome flux in general and somaclonal variation in particular. We 
shall discuss this more fully later. For the moment let it suffice to say 
that there are a number of mechanisms of genome flux not envisioned 
in the genetic texts of the 1960s and 1970s. Molecular analyses are 
also revealing that the plant genome is far richer than previously 
appreciated with a larger array of genetic information than actually 
expressed. The phenotype (observable genotype) represents a limited 
sample of the genes present. Possibly somaclonal variation represents 
access to this richer array of genetic information by inducing some of 
the mechanisms of genome flux. 
METHODOLOGY AND RATIONALE 
It is not my intention to present the methodology of plant cell 
culture. Rather, certain issues of method as they impinge on the 
frequency, study, or use of somaclonal variation will be considered. 
For the sake of clarity and uniformity, I shall employ the 
following terminology for somaclonal generations. SC1 will refer to the 
primary regenerant, SC2 is the following selfed generation, etc. Various 
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other systems have been used by other authors. The SC1 symbol and 
the word somaclone does not presume variation. However when 
variation does occur (normally heterozygous), it will segregate in the 
SC2 generation. Thus the subscript matches the F1 and M1 nomen-
clatures. 
Explant effect 
Following Shepard et al. ( 1980), some have presumed that there 
is something unique about protoplasts which leads to variation. 
Experiments suggest this to be unlikely. 
The only published work which lends itself directly to comparing 
the frequency of variation from somaclones regenerated from proto-
plasts and non-protoplast tissue is to be found in Barbier and Dulieu 
( 1980). Cotyledons and cotyledon protoplasts were cultured from 
seedlings heterozygous for two genes involved in the differentiation of 
chlorophyll. Variant somaclones were observed with respect to chloro-
phyll content and morphological features. The frequency of each class 
of variant (yellow, light green, green, morphological variants) could be 
compared in plants derived from cotyledon protoplasts (80 days 
culture) or from intact cotyledons (30, 135, 180, and 255 days 
culture). There were no significant differences in variant frequency 
between the regenerants from the protoplasts and from the cotyledons 
of 135-day culture. The overall impression from the analyses was that 
the variants were generated very early in culture and not during later 
subcultures. Although there were no data from cotyledons cultured 
for exactly the same length of time as the cotyledon protoplasts 
(80 days), the protoplast data do conform to the trend observed in 
the cotyledon sequence. In other words , there appears to be nothing 
exceptional about the protoplast regenerants either in variant fre-
quency or type. 
Many potato variants were observed in both protoplast soma-
clones (Shepard et al., 1980; Secor and Shepard, 1981; Shepard, 1981, 
1982) and also somaclones from the culture of rachis, petiole, or 
leaflet discs (Van Harten et al. , 1981). Shepard and his colleagues 
reported on mesophyll protoplast somaclones of the cultivar Russet 
Burbank. Many variant characters could be found including tuber 
shape, yield, maturity date, photoperiod response, plant morphology, 
early blight reaction, late blight reaction, tuber specific gravity, tuber 
yield, russetting, and sucrose content. Most of the subset of somaclonal 
lines examined in the field were those which did not differ grossly 
from the control plants. Gross aberrations were associated with 
aneuploidy or other gross chromosomal changes. 
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Van Harten et al. (1981) cultured different explants of the potato 
cultivar Desiree. Variants in tuber colour, tuber shape, plant size, and 
leaf morphology were observed. The protoplast and non-protoplast 
sornaclonal variation cannot of course be directly compared, because 
many other parameters differ including cultivar, culture duration, 
and culture conditions. 
Thomas et al. (1982) conducted two potato experiments. The 
first with cultivar 'Maris Bard' found considerable variation in 10 
morphological traits in 22 out of 23 protoplast-derived plants. The 
traits included: the appearance of anthocyanin on leaves (parent has 
none), prostrate growth, reduced terminal leaf overlapping, increased 
terminal and lateral leaf fusion, and increased green colour of leaves. 
The second experiment with cultivar 'Majestic' involved the produc-
tion of 17 shoots from in situ stern callus. Sterns were cut and 100 
rng/ l chlorophenoxyacetic acid added to the cut surface. A callus 
formed , and later shoots arose from the callus. These were excised 
and rooted. No striking variation was observed for the same ten 
morphological traits examined in the first experiment. Again because 
of differences in cultivar and culture conditions, it is not possible to 
directly compare the two experiments. The absence of variation in the 
second experiment suggests that the variation phenomenon may be 
controllable. Thomas et al. (1982) in fact cite the variation observed 
by Van Harten et al. (1981) in leaf, rachis, and petiole callus 
regenerants as evidence that variation is not a consequence of 
protoplast isolation. 
Bright et al. (1983) reported that morphological variants were 
recovered from a number of potato cultivars following culture of leaf, 
rachis, and petiole pieces. They also compared the frequency of tuber 
colour variants following culture of cv. Desiree tuber, leaf, stern, and 
petiole explants. They found variants only in petiole (rachis) sorna-
clones. This is in contrast to the results of Van Harten et al. (1981), 
who used the same cultivar and who found leaf culture to give the 
highest frequency of tuber colour variants. 
We might therefore tentatively conclude that the type of explant 
itself does not profoundly affect the generation of variation. However, 
the genotype of the donor plant may do so. McCoy et al. ( 1982), 
following a detailed examination of chromosomal abnormalities among 
plants regenerated from tissue cultures of two oat cultivars, found 
that one cultivar consistently gave a higher frequency of chromosomal 
variants. Similarly, in a comparison of chromosome variation in 
regenerants derived from protoplasts of two potato cultivars, Karp et 
al. ( 1982) found that while aneuploidy was frequent in both, the 
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nature of the variation differed. Maris Bard regenerants had high 
chromosome numbers ( 46-92) and a wide range of aneuploidy while 
in the cultivar, Fortyfold, a higher proportion of plants had chromo-
some numbers which were near normal (ca. 48) . 
The frequency of morphological variants which appears in the 
analysis of somaclonal progeny of wheat has been found to differ 
among cultivars. The cultivar Yaqui 50 E exhibits a greater frequency 
than that of Millewa and Warigal (Larkin, unpublished). In straw-
berry, where meristem culture is routinely used for clonal propaga-
tion, varietal differences occur in the frequency of off-type plants 
(Schwartz et al. , 1981). Among plants derived by adventitious shoot 
formation from leaf explants in Begonia x hiemalis, Roest et al. 
(1981) found that in one variety 43% of regenerants were variant 
(colour, size, and form of leaves and flowers) , whereas for another 
variety only 7% were variant. Some varieties of Pelargonium are 
known to be inherently unstable through conventional cutting propaga-
tion. Such cultivars produced higher frequencies of variants from 
callus culture (Skirvin and Janick, 1976). 
I suggest that the effect of explant and genotype remain to be 
clarified. Specific, well designed, and probably large experiments will 
be needed. 
Culture mode, conditions, and duration 
Skirvin and Janick (1976) observed variants not only in their 
Pelargonium calliclones but also, to a lesser extent, from root and 
petiole cuttings. However, dedifferentiated cell proliferation is a 
feature of some types of cutting propagation and may help explain 
the appearance of "off-types." The picture is clouded by the prospect 
of chimera! layer rearrangements in many horticultural plants. A 
culture procedure which minimizes the duration of the callus phase 
might be assumed to minimize somaclonal variation. This does seem 
to be a reasonable generalization; however, it is not possible to cite 
definitive experimental evidence. 
As we shall further see, these represent different types of 
mechanisms of genetic variation responsible for somaclonal variation. 
They include changes in chromosome numbers, translocations, gene 
amplifications, and single nucleotide base changes. It would not be at 
all surprising if these different events were affected differently by the 
culture conditions. For example, chromosomal aberrations seem to 
accumulate with increased duration of culture (Orton, 1980; McCoy et 
al. , 1982; Ahloowalia, 1983; Armstrong et al. , 1983). 
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Barbier and Dulieu (1980) noted simple and quantitative genetic 
variation from tobacco cotyledon culture and protoplast culture. 
Their results suggest that some of the variation either pre-existed in 
the cotyledon cells or occurred early in culture. Some of the variation 
appeared to increase with the duration of culture. The same authors 
have now extended this study in a series of well-conceived experi-
ments which are exemplary in exploiting the unique advantages of 
protoplasts (Barbier and Dulieu,. 1983). The donor plant was a 
yellowish-green heterozygote at two loci affecting chlorophyll dif-
ferentiation (a1 +/ a 1, yg+ / yg) as used in the earlier study. In one 
experiment 1048 colonies from individual leaf protoplasts were grown 
and then subdivided into 4 subcolonies which were regenerated into 
one shoot each. Some ( 13.1 % of the 1048) showed sectoring among 
the subcolonies for variant green shoots; some (3.8 % of the 1048) 
showed sectoring for variant yellow shoots. In an analogous way, 
85 cotyledon protoplasts were cultured. Some (18.8 %) showed green 
sectoring, and some (2.3 %) showed yellow sectoring among the 
subcolonies. In total there were 199 variant-producing colonies: 
128 showed 1 variant to 3 non-variant; 70 showed 2 variant to 2 non-
variant; 1 showed 4 variant to 0 non-variant shoots. They argue that 
the high proportion with 2 or more variants indicates an appearance 
or sorting out of the genetic changes during the first or second 
divisions of the protoplasts. 
In another experiment, 25 cotyledon protoplasts were cultured 
and subcloned into 4 sectors after each of 3 successive culture 
periods. The pedigree was maintained and one shoot regenerated 
from each of the 1600 final subcolonies. Each protoplast was thus 
represented by 64 shoots, and the experimental design allowed a 
fluctuation analysis. Remarkably, all of the variants observed (2/ 25 
sectored green, 2/ 25 sectored yellow) had appeared in the first period 
of culture. There was no new variation in the later two periods of 
culture. These results would appear consistent with the genetic 
change occurring only in the first or second protoplast divisions. They 
favour the notion that single strand lesions accumulate in somatic 
cells of the cotyledon or leaf which only get the opportunity for 
expression after one or two divisions of the isolated cells. 
By contrast Lorz and Scowcroft (1983) found possible "gene 
conversion"-type events to increase with culture duration in exper-
iments with the aurea mutant, sulfur, of tobacco. A total of 2222 
colonies were cultured from individual leaf protoplasts of the hetero-
zygous (Su/ su) donor. A number of shoots were regenerated from 
each of the 2156 morphogenic colonies. Variants at the sulfur locus 
were scored as green or yellow shoots. Twenty colonies gave rise only 
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to variant shoots (14 gave all green shoots, 6 gave all yellow shoots), 
and these were conservatively assumed to represent protoplasts 
which were already su / su or Su/ Su in the leaf. Such pre-existing 
variation is well known in these plants and can appear as yellow or 
green spots or yellow I green twin spots on the leaves. 
In addition to this pre-existing variation, Lorz and Scowcroft 
found 59 colonies which gave rise to both variant and non-variant 
plants. The variation in these genetically heterogeneous colonies must 
have arisen during the culture period. Furthermore by doubling the 
duration of callus culture, the frequency of heterogeneous colonies 
increased from 1.4 % to 6 % on the standard medium and from 2.3 % 
to 3.6 % on a more stressful medium giving slower growth. 
Many studies have demonstrated that variation arose during 
culture and was not pre-existant in the explanted tissue. In some 
studies a number of plants were obtained from a single cultured 
protoplast, and it was shown that these plants differ genetically (Prat, 
1983; Thomas et al. , 1982) . Some studies with cultured microspores 
have found mutations in spontaneously chromosome-doubled plants 
to be in the heterozygous condition (Oono, 1981 , 1982; De Paepe et al. , 
1981; Hoffman et al. , 1982). Clearly, if the mutation pre-existed in the 
microspore, the spontaneously doubled plant would be homozygous. 
However, if the mutation occurred during culture after the chromo-
some doubling, it will be heterozygous. 
In addition to these studies, Larkin and Scowcroft ( 1983) found 
in sugarcane that the frequency of Helminthosporium sacchari toxin 
tolerance increased with culture duration. Fukai (1983) initiated a 
callus culture from a single rice seed and maintained it for 2 weeks 
before regenerating 12 plants. Segregation was observed in the 
progeny for four presumed independent gene mutations. He assumed 
each mutation had occurred only once. By comparing which plant 
carried which mutations, the likely sequence of mutations throughout 
the period of culture could be constructed. 
There is little data concerning whether different components of 
the culture media enhance somaclonal variation. Dolezal and Novak 
( 1984) have examined cultl:1re media with a sensit~ve assay for 
somatic mutation employing the Tradescantia stamen hair system. In 
this system, spontaneous mutant events occurred at a frequency of 
0.5/ 100 stamens. There is a linear response to N-methyl-N-nitrosourea; 
at 500 µM , NMU, there is a 21-fold increase in mutant events. The 
workers found no mutagenic effect of culture media containing 5 µM 
of either 2,4-D, kinetin, or indole acetic acid (IAA) or a combination of 
5 µM 2,4-D, 10 µM kinetin, and 10 µM IAA. In each test the somatic 
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mutation rate was not significantly greater than spontaneous rate. 
This provides substantial evidence that tissue culture media are not 
mutagenic per seat least by this accepted test. 
However what is really needed is to assess whether altering media 
components effects somaclonal variation. Seemingly, the only exper-
iments bearing on this problem were reported briefly by Oono (1984). 
Five agronomic characters were assessed over three generations on 
lines derived from nearly 1200 regenerants of rice seed calli. The 
cultures were on media modified in various components. Increased 
concentrations of MgS04, NH4N03, and Kl are purported to increase 
variation, whereas higher concentrations of CaCh, KH2P04, and MnS04 
decreased it. 
Controls 
It is quite essential that controls be included in our consideration 
of methodology. In our work with wheat, the controls fall into several 
categories: 
Donor controls are seed collected from bagged heads of the 
plants used to donate explants (in our case usually selfed immature 
embryos) for culture initiation. Every prospective donor in the 
glasshouse is individually numbered and many heads bagged as they 
emerge. This ensures selfing for both the explanted embryos and for 
the control seed. 
Sister somaclone controls are other regenerants from the same 
culture initiated from the same single embryo. Our pedigreeing system 
for cultures and somaclones means that if we find a variant we can 
then examine other progeny from the same somaclones, progeny from 
other somaclones of the same embryo callus, progeny from other 
somaclones of different embryo calli of the same donor plant, and 
normal progeny directly off the donor plant. 
With such a system, the controls ensure that the donor was 
genetically as represented and that the donor was not outcrossing. 
Also since only bagged seed is carried to the next generation, the 
somaclones themselves cannot be outcrossing. This is particularly 
important since partial sterility (male sterility) may predispose some 
somaclones to outcrossing unless they are bagged. 
The sister somaclone controls (from the same embryo) can also 
give information as to whether the mutation occurred early or late in 
culture. If all carry the mutation , it may have been very early or pre-
existing. If half carry it, it may have been the first division. If only one 
out of many carry the mutation, it presumably occurred late in the 
culture period. 
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Such controls should be possible with any inbreeder. Outbreeders 
present more difficulty. In Medicago for example a cultivar is usually 
genetically heterogeneous. However, donor plants can be maintained 
vegetatively for any successful and interesting derived cultures. For 
this reason it is advisable to initiate cultures from explants off older 
plants rather than sacrificing whole seedlings, since this also sac-
rifices the control. It might also be possible to initiate cultures from 
one excised cotyledon and grow on the remaining seedling as a 
control. 
Similarly in vegetatively propagated crops, it is strongly advisable 
to maintain donor plants as controls. In some crops this control 
material might require considerable space and man-hours to retain; 
however their value as controls should far exceed this effort. 
There are unique advantages of protoplasts in studying soma-
clonal variation. The protoplast-derived colony is from a discrete 
single cell origin. Any heterogeneity among regenerants derived from 
that single cell clearly results from events during culture (Barbier and 
Dulieu, 1983; Lorz and Scowcroft, 1983) . If only one plant is sampled 
from each discrete protoplast colony, then very reliable frequency 
data is possible where every variant must represent a distinct 
mutational event. 
Assays of variability 
Clearly if one is screening for disease resistance, efficient screen-
ing must be done, preferably in a way which allows reliable single 
plant scoring so that segregation data are produced. Characters and 
assays which enable many genes to be sampled in the least amount of 
time are desirable. Some isozyme systems lend themselves to this. For 
example, in wheat the leaf esterases when separated by isolectric 
focusing show approximately 25 gene products. Storage proteins such 
as the gliadins offer the same advantages. Isozymes are almost 
invariably codominantly controlled so that a heterozygote for a given 
polymorphism will show both alloyzmes. One complication that arises 
with some isozymes is that they may produce heteropolymers. For 
example, alcohol dehydrogenase-1 in wheat is a dimeric enzyme, and 
dimers may form not only with products of the one gene but also 
between products of different genes. This does not obviate the use of 
this system (as will be seen in t he next section) but does complicate 
the analysis. 
In a species such as wheat which has been studied genetically for 
some time, it is possible to choose a series of isozyme systems which 
sample genes on nearly every chromosome (n = 21). 
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An alternative approach to isozyrnes which will most certainly 
play a major role is the use of DNA probes. For example 5s rRNA 
specific probes have been used as markers of group 1 chromosomes of 
wheat. Dispersed, middle-repetitive DNA sequences have the potential 
to supply markers for individual chromosomes (Riven et al., 1983; 
Appels, 1983). An example where such markers have been used to 
characterize a somaclonal variant will be discussed later (Brettell et 
al., l 986b ). In brief, a Triticale somaclone was shown to have an 80 % 
reduction in copy number in chromosome IR of a particular rDNA 
spacer region. 
At some point in the screening process, some cytogenetics is 
essential. Gross chromosomal changes may be undesirable for most 
applications and purposes, but it is necessary to know what is 
happening at this level. If at all possible, it is preferable to examine 
mitosis with banding methods to increase the resolution of detectio!l 
and meiosis. Through meiotic analysis one can detect chromosome 
structural changes such as inversions and translocations. Of course 
an SC2 variant may already be homozygous for an event such as a 
translocation, and thus meiosis of this individual will show no 
multivalents. It is therefore recommended that variants of interest 
should be crossed back to the control donor progeny and meiosis be 
examined in the backcross individuals. 
Again the value of control donors in such cytogenetic work is 
imperative. It is a mistake to assume that even an inbreeding uniform 
cultivar is entirely homogeneous. We have found considerable genetic 
variation within wheat cultivars. For example, about 2 % of the 
cultivar Warigal carried a gene for aluminium tolerance. The cultivar 
Millewa carries significant numbers of monosomic 4A plants. Inter-
varietal translocations are not uncommon. Our experience with 
wheat is by no means unique. 
When to screen 
It is generally true that recessive mutations appear in the SC1 
plants as heterozygotes. Exceptions will be considered subsequently. 
Therefore, if the desirable mutations are expected to be recessive, it 
will generally be necessary to screen in the SC2 generation in order to 
pick up homozygous recessives. This is the same rationale as applied 
to induced mutagenesis breeding where screening is done in the M2 
generation (or in M3 for maize because of male and female flower 
separation). 
408 LARKIN 
Using haploid cycles 
It is evident that if SC2 needs to be screened to identify recessive 
mutations in the homozygous condition, then the efficiency of screen-
ing will drop an order of magnitude since ten or more progeny of each 
line are needed to leave only a small probability of not observing any 
homozygotes. One way to avoid this is to make the culture phase 
haploid. Any mutations during haploidy will be homozygous following 
chromosome doubling. Th us the regenerated haploid or doubled SC1 
should express the recessive mutation. In many cases it may still be 
more convenient to examine SC2 plants, but since the mutation 
should be homozygous only one SC2 need be examined. 
The haploid explants for culture can, of course, be microspores. 
Alternatives are available in some species. For example, the cross 
between Hordeum vulgare or Triticum aestivum and Hordeum 
bulbosum produces haploid barley or wheat embryos (Kasha and 
Kao, 1970; Barclay, 1975). We have recently used this technique to 
initiate haploid wheat cultures. Plants were regenerated, doubled 
with colchicine, selfed, and 2 progeny seed examined for variation. 
Similarly haploid potato can be produced by crosses to Solan um 
phureja (Hougas et al. , 1964) and haploid alfalfa by crosses to certain 
diploids such as diploid strains of Medicago falcata (Bingham and 
McCoy, 1979). 
Two warnings are required here. First, some spontaneous chromo-
some number doubling in haploid cells may occur in culture. In the 
case of our haploid Chinese Spring wheat culture, 10/ 256 of the SC1 
plants were already doubled. In these plants a recessive mutation 
which occurred prior to doubling will obviously be homozygous, but 
one which occurred after doubling will still be heterozygous. Second, if 
the sole purpose in using haploidy is to increase the efficiency of 
screening somaclones for recessives, it is necessary to consider the 
economics of the procedure. It may be that the work required to 
produce the haploidy exceeds the savings in screening effort. 
However, the haploidy can also be used to allow in vitro selection 
for recessives. This is our next consideration. 
In vitro selection 
If it is possible to apply selection pressures during culture in 
order to give the variants of interest a selective advantage, then very 
considerable improvements in efficiency may be achieved. A number 
of reviews adequately discuss the potential of in vitro selection 
(Thomas et al., 1979; Chaleff, 1983). 
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A number of categories of in vitro selection can be conceived. In 
all cases, the ideal situation is first to be able to validate the selection 
strategy. For example, if you wish to select for resistance to a fungal 
disease by using a culture filtrate in the culture medium, it is 
desirable to confirm that the culture filtrate discriminates between 
cultures of a known resistant genotype and a known susceptible 
genotype. It is even better if the discrimination is also between a pair 
of isogenic resistant and susceptible varieties, where the only genetic 
difference is the presence or absence of the gene( s) for resistance. 
Such an ideal experimental system is rarely available. Indeed, for the 
most pressing agricultural problems, there is often no known geno-
type displaying the trait required. In such cases it may be possible to 
confirm that the selection strategy discriminates between types in 
another species. Even in a totally unrelated species, such a confirma-
tion will give some confidence in the proposed selection protocol. 
Table 1 gives examples of the use of toxin(s) and culture filtrates 
from pathogens to select for plants with both toxin and disease 
tolerance. In some of these examples, the toxin is apparently not the 
major determinant of pathogenicity; nevertheless, resistance has been 
selected. 
Table 2 lists examples of the use of herbicides in vitro to select 
for resistance to those herbicides. Other types of in vitro selection 
have been reviewed by Maliga (1984) and Negrutiu et al. (1984). 
Conner and Meredith (1985) have established ingenious protocols for 
selecting for aluminum tolerance in culture and recovering plants 
which are aluminium and acid soil tolerant. 
BIOLOGICAL AND AGRONOMIC SIGNIFICANCE 
Types of genetic events responsible 
Chromosome number changes. The in vitro culture of plant 
cells can result in aneuploid cells and plants (somaclones) (D'Amato, 
1978; Bayliss, 1980; Constantin, 1981). The aneuploidy includes simple 
monosomics (2n-l) and trisomics (2n+l). Chromosome number var-
iability may arise early in culture, but its frequency increases with 
time. Regeneration acts somewhat as a barrier against the more 
extreme variants, but the regenerants do reflect this variability to a 
degree. Examples of culture-generated monosomic and trisomic 
plants include oats (McCoy et al., 1982), ryegrass (Ahloowalia, 1983), 
Haworthia (Ogihara, 1981), celery (Orton, 1983), wheat (Karp and 
Maddock, 1984), Triticale (Nakamura and Keller, 1982), and potato 
(Karp et al., 1982; Creissen and Karp, 1985). 
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Table 1. In vitro selection with toxins for disease resistance. 
Host Pathogen Inheritance Reference 
Maize Helrninthosporiurn cytoplasmic Gengenbach et al. , 
rnaydis 1977; Brettell 
and Ingram, 
1979 
Tobacco Pseudornonas tabaci codominant Carlson, 1973 
Sugarcane Helrninthosporiurn Heinz et al., 
sacchari 1977; Larkin 
and Scowcroft, 
1983 
Potato Phytophthora Behnke, 1979, 
infestans 1980 
Rapeseed Phoma lingam nuclear Sacristan, 1982 
Tobacco Pseudomonas recessive (?) Thanutong et al., 
syringae 1983 
Tobacco Alternaria recessive (?) Thanutong et al., 
alternata 1983 
Alfalfa Fusarium dominant Hartman et al. , 
oxysporum 1984a, b 
Tobacco Phytophtora Zhou et al., 1984 
parasitica 
Rice Helminthosporium dominant Ling et al., 1985 
oryzae 
Oats Helminthosporium recessive Rines and Luke, 
victoriae 1985 
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Aneuploidy resulting from culture is more likely to result in genie 
imbalance in diploids as compared to polyploids. Thus, for example, 
only one aneuploid out of 110 regenerants was found in maize 
(2n = 2x = 20, Edallo et al. , 1981). Even in polyploids chromosome 
number variants are extremely unlikely to contribute to new cultivars. 
The possible exception might be sugarcane which is a highly polyploid 
hybrid. Experience has shown typical varieties to have about 100-125 
chromosomes including the basic 80 S. officinarum chromosomes 
plus some additional S. officinarum chromosomes and some addi-
tional S. spontaneum chromosomes. Many years of difficult back-
crossing are required to achieve suitable chromosome numbers. 
Tissue culture of the F1 hybrid or of early backcrosses might afford 
more rapid progress. 
Chromosome structure rearrangement. There have been a 
number of reports of modified chromosome structures in cultured 
plant cells (Bayliss, 1980). Kao et al. (1970) examined Triticum 
monococcum and T. aestivum cell lines and observed dicentric 
chromosomes and giant chromosomes in some cells. Ashmore and 
Gould (1981) used C-banding on a tumor-derived cell line of Crepis 
capillaris and revealed profound structural changes in all chromo-
somes. Seven chromosomes observed were distinguishable from each 
other and from the 3 pairs of chromosomes of the original plant. 
Deletions, inversions, and segment amplification were implicated. 
Similarly dramatic C-banding modified chromosomes have been de-
scribed in cell lines of Brachycome dichromosomatica (Gould, 1982). 
Murata and Orton (1983) conducted an extensive karyotypic 
analysis of cultured celery (A pi um graveolens) cells after 16 months' 
culture. Among 40 karyotypes an average of 1.35 chromosomes per 
cell showed structural alterations. The multiconstrictional chromo-
somes were presumed to result from translocations or fusions. 
Chromosomes of altered length were presumed to result from 
deletions or translocations. 
Examination of meiosis in regenerated plants affords a greater 
power to observe chromosomal rearrangements. This is because 
heteromorphism between homologs is more evident when they pair. 
Also, nonhornologous translocations are made evident as rnulti-
valents, and paracentric inversions as dicentric bridges during meiosis. 
Table 3 summarizes the structural modifications that have been 
described following culture and regeneration. 
Inversions, interchanges, and deletions all involve chromosome 
breakage. It has been proposed that late-replicating heterochromatin 
*'" ........ 
Table 2. In vitro selection with herbicides. Nl 
Plant Inheritance 
Herbicide Species Expression or Comment References 
Paraquat tobacco + Miller, Hughes, 
1980 
Paraquat tomato + D Thomas, Pratt, 
1982 
Hydroxyurea tobacco + mg D Chaleff, Keil, 
1981; Keil, 
Chaleff, 1983 
2,4-D Lotus sp. + Swanson, Tornes, 
1983 
Sulphonylureas tobacco + mg D Chaleff, Ray, 
altered enzyme 1984; Chaleff, 
Mauvais, 1984 
Glyphosate carrot amplified gene Nafziger et. al, 
1984 
Phosphinothricin alfalfa amplified gene Donn et al., 1984 
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Table 3. Chromosome structure modification in somaclonal plants. *'"' 
Species Reference Cytological observations Interpretations 
Allium sativum Novak, 1980 fragments, rings, breakage and fusion. 
bridges in mitosis 
Apium graveolens Orton, 1985 large chromosomes fusions. 
Avena sativa McCoy et al., 1982 heteromorphic bivalents, deletions, 
multivalents, telocentrics interchanges. 
Haworthia setata Ogihara, 1981 multivalents, interchanges, 
bridges + fragments paracentric inver-
bridges alone sions, subchromatid 
exchange. 
Hordeum vulgare Mix et al. , 1978 fragments, bridges and breakage and fusion. 
multicentrics in mitosis 
H. vulgare x Orton, 1980 multivalents interchanges and/ or 
H.jubatum mitotic multicentrics pairing control. 
Lolium multijlorum Ahloowalia, 1976 aero-, telocentrics, deletions, 
x L. perenne Ahloowalia, 1983 multivalents interchanges, 
bridges + fragments inversions. 
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Table 3. Chromosome structure modification in somaclonal plants (continued). 
Species 
Triticum aestivum 
T. crassum x 
H. vulgare 






Karp and Maddock, 
1984 
Pallota, unpublished 
Nakamura et al., 
1981 
Fedak, 1984 
Green et al., 1977 
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may be involved (Sacristan, 1971; McCoy et al. , 1982; Benzion et al. , 
1986). If replication of a particular region of the chromosome is 
sufficiently late, a bridge will form , and breakage will follow. It may be 
that the increased rate of cell division in culture accentuates the 
lateness of replication resulting in increased frequencies of breakage. 
Transient amplification of certain fractions of DNA, particularly 
heterochromatin, has been implicated in the dedifferentiation process 
of cell culture (Durante et al. , 1983). This amplification may accen-
tuate the lateness of replication of these loci and th us increase the 
frequency of chromosome breakage in culture (Orton, 1984). Lapitan 
et al. (1984) found a number of translocations and deletions in 
wheat x rye somaclones. Twelve out of 13 breakpoints seemed to be in 
heterochromatic regions. Even inversions can generate genetic effects 
due to "position effects" on the expression of genes neighbouring 
breakpoints. 
In a recent study, we have used wheat cell culture to produce 
plants with a number of interesting chromosomal rearrangements 
(Davies et al. , 1986). A total of 551 somaclones of the cultivar Millewa 
were screened in the SC2 generation for variation in the expression of 
alcohol dehydrogenase-1 isozymes. Sixteen lines were variant. These 
included monosomics for chromosomes 4A or 4D, an isochromosome 
4Aa, and a number of translocations. One of the translocations was 
between 4A and 7B and resulted in progeny lines carrying two normal 
4A and two 7B/ 4Aa translocated chromosomes. These plants had 4 
doses of the Adh-Al gene, and all copies were fully functional as 
determined by the intensities of isozyme bands. The duplicated 
portion also carried the dwarfing gene Rht 1. Because another of the 
Millewa somaclones was monosomic 4A, we were able to construct a 
unique gene dosage series in Millewa background with 0, 1, 2, 3, and 4 
copies of the agronomically significant Rht 1 gene. 
Deamplification and amplification of genes. Some evidence was 
presented for transient amplification of heterochromatin sequences 
in cultured cells by Durante et al. ( 1983) and relatively stable 
amplification of certain repetitive sequences by De Paepe et al. ( 1983). 
Landsmann et al. (1985) found a potato somaclone wth 70 % reduc-
tion in 25s-rDNA. 
Another example involves the rDNA in Triticale somaclones. 
Brettell et al. ( 1986b) isolated DNA from 192 lines, restricted with 
Taql , and probed Southern blots with a 2.7 kb Taql rDNA spacer 
region clone. This probe represents the 12 x 136 bp repeat sequence 
of the rDNA spacer region. The cultivar Currency gives 4 bands of 
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3.2, 3.1, 2.8, and 2.5 kb. One somaclone of Currency displayed an 80 % 
reduction in the 2.5 kb (lR) band relative to the other bands. This 
depleted lR rDNA variant was heritable. C-banding in this family 
demonstrated a marked reduction in the banding intensity at the Nor 
locus of lR which correlated with the reduction in the lR rDNA 
spacer sequences. The rDNA is known to be associated with the Nor 
locus. The change in this somaclone was demonstrably generated 
during culture since neither progeny from the donor plant nor the 
other 6 somaclones from the same cultured embryo showed the 
alteration. 
Gene amplification in response to selection has now also been 
demonstrated by Donn et al. (1984). Alfalfa cell cultures were 
challenged with increasing levels of the non-selective herbicide 
L-phosphinothricin, which is a competitive inhibitor of glutamine 
synthase (GS). A selected line showing more than 20x the tolerance 
was stable for at least 12 months without selection. This line showed 
6-7x the GS activity, 8x the GS mRNA level, and 4-11 x the number of 
GS gene sequences present. This is the first example of unique 
sequence amplification in cultured plant cells. 
Cullis (1985) reviewed the quantitative changes in DNA sequences 
associated with "genotroph" changes in flax. Tissue cultures of flax 
were examined, and it was concluded that the same range of DNA 
variation may occur in tissue culture as in the formation of geno-
trophs. 
Amplification of the gene for EPSP synthase has been selected for 
in carrot cell cultures (Nafziger et al., 1984). This is the major target 
enzyme for the herbicide glyphosate, and the cultures were selected 
for glyphosate tolerance. 
Single gene mutations. There are now many examples of 
mutations from culture which Mendelise. This, of course, is a neces-
sary but not sufficient requirement to establish a "point mutation" 
since even large deletions or amplification could Mendelise in the 
relatively small populations tested in plant genetics. 
Two good examples of single gene somaclonal mutants may be 
cited which have been established by molecular analysis. 
Brettell et al. (1986a) have recently isolated a stable, fully 
functional electrophoretic variant of maize embryos which were 
heterozygotes for Adhl-F (A188) and Adhl-S (Berkeley Slow). Roots 
were screened on regenerants. The variant was first observed by the 
absence of the expected F / S heterodimer. When scutellar tissue of self 
progeny were examined, they were found to be segregating for the 
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normal Adhl-F and a new isozyme which was considerably slower 
than Berkeley Slow and slightly slower than the isozyme from a 
previously described mutant, Adh-U725. The differences were accen-
tuated with isoelectric focusing. 
The variant, called Adhl-Usv, segregated with mendelian fidelity. 
There were 4 other regenerants from the same cultured embryo, and 
these were normal. Therefore, this mutation occurred during culture. 
A genomic clone has been isolated of the mutant gene using the full-
length Adhl-S clone plS.l as a probe. Restriction analysis with 
Barn Hl, Barn Hl/Hind III, and Barn Hl/Bgl II gave the same frag-
mentation pattern as that for the Adh 1-S clone which differs from 
Adhl-F. When sequenced in full, the only difference was a single base 
change in exon 6 which translates to a valine replacing a glutamic 
acid. This explains the slower electrophoretic mobility. 
Another example of an apparent point mutation from culture is 
the variant gene conferring chlorsulfuron resistance in tobacco 
isolated following selection in vitro (Chaleff and Ray, 1984). It 
appears that in at least one of the mutants, the target enzyme for this 
herbicide, acetolactate synthase, is not produced in greater amount 
but has a greater tolerance to the chlorsulphuron than the wild-type 
enzyme (Chaleff and Mauvais, 1984). The retention of activity of the 
enzyme suggests that the change in the gene will prove to be minor. 
Altered expression of multigene families. As molecular genetic 
analysis of eukaryotic genes proceeds, it is increasingly evident t hat 
multigene families are very prevalent. Even phenotypes for which 
genetic and gene product data were suggestive of single gene control 
are proving to be related to small multigene families (Scarpulla et al., 
1982). It also seems that the multiplicity of expressed gene products 
is less than the multiplicity of genes. This is the case for the complex 
gene family coding for the zein storage proteins of maize (Burr et al. , 
1982). 
Gliadins are a class of grain storage protein in wheat coded by a 
multigene family at a number of macroloci on the group 1 and 6 
chromosomes. We have described heritable variation in the electro-
phoretic pattern of gliadins in wheat somaclones (Larkin et al., 1984). 
Differences between regenerants of the same cultured embryo assure 
that the variation was from culture and not an outcrossed embryo. 
No gliadin changes were found in control grain from the donor plants. 
Cooper et al. (1986) and Maddock et al. (1986) have confirmed 
that wheat : tissue culture can generate heritable alterations in the 
expression of gliadins. 
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A dominant variant in {3-amylase expression has been isolated in 
our laboratory (Ryan and Scowcroft, 1987). The variant is inherited 
as a single nuclear locus but involves no apparent loss or shift of 
parental bands in the isoelectric focusing separations. Instead, an 
additional set of enzymes is produced. The {3-amylases are coded by a 
family of genes located in gene clusters on the group 4 and 5 
chromosomes. The variant segregates for a new {3-amylase isozyme 
which has not been found in seed from the donor plant nor in the 
other 7 somaclones from the same embryo culture, nor in the other 
somaclones of the set, nor in over 120 diverse wheat genotypes. One 
possible explanation for such mutants ({3-amylases and gliadins) is 
that previously repressed genes are exposed. Such phenomena have 
exciting implications for plant improvement, as we shall discuss later. 
Mobilization of transposable elements. Mobilization of trans-
posable elements is one response to "genomic shock" (McClintock, 
1984). Apparent activation of previously silent elements (mutator 
genes) has been implicated following plant cell culture. Examples of 
unstable (mutable) variants include a protoclone of N. tabacum (Lorz 
and Scowcroft, 1983) and a somatic hybrid of N. tabacum and N. 
sylvestris (Evans et al., 1983). 
In the former case, the donor is a light-green plant, heterozygous 
at the "sulfur" locus (Su/ su). Somatic genetic events in leaves produce 
a low frequency of dark green / albino twin spots. Among 120 proto-
clones, 2 had a frequency of leaf spotting up to 500-fold that of the 
parent. This Su-mutator (Su-m) is dominant and appears to be lethal 
in homozygous state. Su-m is unstable and can be spontaneously lost 
both somatically and meiotically. Some individuals carrying Su-m also 
showed variegation in flower pigmentation. This mutable char-
acteristic is conceivably due to transposable element activity, but not 
necessarily so. 
Groose and Bingham (1984, 1986) and Bingham and McCoy 
(1985) describe an unstable somaclonal mutant for flower colour in 
alfalfa. The donor genotype was purple-flowered due to a dominant 
gene in the simplex state (Cece). The mutant was white flowered and 
homozygous ( cccc ). The new recessive allele is somewhat unstable in 
planta, giving 2.2 % purple flowered shoots among 180 shoots, and 
0.12 % purple flowers among 7,500 flowers. However, in vitro the new 
recessive allele was very unstable, giving 23 % purple-flowered regen-
erants among 1,356 plants from cultured explants of the mutant. It 
seems that culture had not only activated a mutator gene but enabled 
high frequency reversion of the target gene system. 
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Both of these examples, however, lack the definit ive molecular 
demonstration that DNA transposition is involved. A more satisfying 
demonstration has been reported in maize (Peschke et al. , 1986). 
Cultures were initiated from 94 embryos of Ohio 43 x Al88, and 301 
plants regenerated. The parent genomes possess sequences which 
cross-react with probes of the Ac controlling element, but they 
possess no Ac activity. However 11 out of 301 somaclones showed Ac 
activity when test-crossed. These· 11 came from 3 embryos. The 
frequency of Ac induction is 3.7 % on a somaclone basis, or 3.2 % on a 
donor embryo basis. 
As I have elaborated previously (Larkin, 1985a), mobile element 
transposition can create heritable genetic changes by a number of 
means: insertional disruption of a gene's integrity; an element acting 
as a promotor moving to or from an affected gene; activation of silent 
genes; piggy-backing of genes to positions with different regulation; 
and the transposition of a non-autonomous element that may 
subjugate a gene under the control of a master element elsewhere. 
Significance 
Comparison to induced mutations. One question that must 
inevitably be asked is whether the spectrum of mutations appearing 
among somaclones differs from those that have been observed using 
classical mutagenic treatments. An opinion must necessarily be 
cautious and preliminary. It is true, for example, in wheat that height, 
awn, head-shape, and heading date mutants are the most frequently 
described class of induced mutants and are also common among the 
somaclonal mutants. However, this apparent similarity may be no 
more than a reflection of the fact that there are many loci in the 
wheat genome which can affect these morphologies. These character-
istics are also those which are observed incidentally, without the need 
for the establishment of specific screening procedures. Very little 
concrete data is available. Sree Ramulu (1982) documented that 
extensive mutagenic experiments in many laboratories have failed to 
generate any new S-alleles governing gametophytic incompatibility. 
Yet amongst only 37 anther culture regenerants of one genotype of 
Lycopersicon peruvianum, _ he demonstrated 16 to have S-allele 
changes. From a second genotype, one regenerant out of 16 showed a 
new S-specificity. Self and test-cross analyses showed the changes 
were simply inherited. 
Brock (1980) summarized the situation for induced mutagenesis 
in higher plants. In those species which are adequately marked 
genetically (peas, maize, barley, tomato, and Arabidopsis) , the 
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indications are that induced mutagenesis in most cases affects groups 
of adjacent genes. One interpretation of this is that the mutagen is 
causing chromosome structural rearrangements though they may not 
be gross enough to be detected cytologically. Limited studies of 
reversion in barley and Arabidopsis mutants also indicate that the 
majority of the original induced mutations were due to small 
chromosomal changes such as deletions. We do not know enough 
about somaclonal mutants to make any cogent comparisons at this 
point. 
Although recessive mutations are a more likely event than 
dominant mutations from induced mutagenesis, Konzac (1981) has 
described a radiation-induced dwarf mutant in the wheat line 
Karcag522 which behaved dominantly in crosses. Brock ( 1979) 
estimated that dominant mutations arise at 1 % of the rate of 
recessives. When I scanned the somaclonal variation literature and 
tallied those variants for which there was some genetic data, 18 out of 
53 appeared to be dominant or codominant ( eg., Orton, 1984; 
Negrutiu et al., 1984). This estimate is somewhat biased by the fact 
that some of these came from in vitro selections of non-haploid 
cultures such that some dominance is required for the mutants to 
express. Nevertheless, it is reasonable to say the relative occurrence of 
dominants in somaclonal variants is perhaps an order of magnitude 
greater than in induced mutations. 
This incidence of dominants may make somaclonal variation 
particularly attractive for the breeder. Combined with this is the 
extraordinary frequency of variants. Orton (1984) has attempted to 
estimate the frequencies for particular somaclonal variants from the 
literature. Those listed were all in the percentage range. On the other 
hand, some estimates for biochemical mutants can be much lower. 
For example, nitrate reductase deficient mutants were found at 
10·3-10·4 in haploid Nicotiana plumbaginifolia protoplast colonies 
and about 10·7 in dihaploid N. tabacum (Marton et al., 1982; Muller, 
1983). Yet Brettell et al. (1986, unpublished) have found two different 
alcohol dehydrogenase-1 mutants in about 800 diploid maize soma-
clones. Given the diversity of genetic phenomena in culture and the 
many difficulties in estimating frequencies in cell culture selection 
experiments, I cannot reconcile the disparate estimates. One conclu-
sion I will risk: certain types of culture-induced genetic events occur 
at very high frequencies in culture. 
Putative homozygous mutation. One rather striking phenome-
non is the occurrence of true-breeding somaclonal mutants among 
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primary regenerants. Oono (1981) found dwarf rice somaclones from 
diploid seed cultures which bred true for 8 selfing generations. 
Despite their stability through selfing, they seemed to revert to talls 
when crossed to the donor genotype in either direction (Oono, 1985). 
This strange genetic behavior with distorted segregation patterns still 
requires explanation. 
Evans and Sharp (1983) reported a homozygous mutation to a 
jointless pedicel in tomato. In this case the mutation not only bred 
true on selfing but also behaved as a single recessive gene in test 
crosses. These authors suggested mitotic recombination to explain the 
homozygous mutation. 
We have also observed true-breeding variants in wheat primary 
regenerants. Some were fully awned from tip-awned, and some were 
white grained from red grained (Larkin et al., 1984; Larkin, l 985a, 
l 985b ). The genetic behaviour in test crosses of these seems to be 
normal. Maddock et al. (1986) have also observed true-breeding 
gliadin variants. 
Engler and Grogan (1984) observed two true-breeding mutants 
from lettuce protoplasts. One was larger and more vigorous, the other 
smaller and less vigorous than the controls. They did not rule out the 
possibility of the mutations being cytoplasmic. 
An abnormal flower variant (C49) in alfalfa somaclones proved to 
be a recessive change, yet it appeared directly in a diploid regenerant 
from a diploid culture. Test crosses established that half of the Fl 
plants gave 3:1 F2 segregations, and the other half gave 7:1 segrega-
tions. This was interpreted as meaning C49 carried only one recessive 
allele and that the oppositional allele may be a null allele or a 
deficiency which may have a selective disadvantage (Bingham and 
McCoy, 1985). 
Sun et al. (1983) described dwarf somaclonal mutants controlled 
by single recessive genes in rice. Some, however, appeared in the 
primary regenerant and bred true. Test crosses showed they were 
nuclear, not cytoplasmic. True-breeding yellow-seeded Brassicajuncea 
variants were recovered from culture by George and Rao (1983). 
Single recessive genes were involved in other heterozygous yellow-
seeded variants. Although test crosses were not reported, the inference 
was that the true-breeding variants were not cytoplasmic but homo-
zygous nuclear mutants. 
It remains to be determined which mechanisms are responsible 
for these "homozygous" mutations. Some may be due to hemizygosity 
which pre-exists in the plant or which is generated by culture. Others 
may be truly homozygous mutations. In either case, they have 
424 LARKIN 
occurred in a number of species and would seem to offer the capacity 
to screen directly for recessive mutations in diploid regenerants. This 
is particularly important in out-breeding species like alfalfa where M2 
populations are impractical. 
Better access to alien germplasm. The widespread incidence of 
chromosome breakage and fusion in cultured plant cells should 
enable more efficient introgression of alien genes by dramatically 
enhancing recombination between the crop and alien chromosomes. 
Not uncommonly in conventional wide cross programs, the introgres-
sion objectives are frustrated by a failure of appropriate recombina-
tion. 
Orton ( 1980) cultured Hordeum vulgare x H. jubatum hybrid 
ovary tissue and obtained some H. vulgare-like regenerants. Although 
these were haploids and had lost most jubatum features and GOT 
isozyrnes, 2 of them showed jubatum-specific esterases. 
Culture-induced translocations seem not to rely on homoeology 
since non-homoeologous exchanges appear quite commonly. For 
example, in wheat x rye hybrid somaclones, Lapitan et al. (1984) 
observed 1Rs/ 4DL, 4Ds / 1RL, 3R/ 2BL, and 6Bd 5AL translocations 
(Davies et al. , 1986). In wheat we have found 4A/ 3B, 4A/7B, 4A/ lB, 
and 4A/ 6B translocations. This suggests that exchanges with alien 
chromosomes should occur readily. It remains to be seen if non-
homoeologous exchanges will be too large or common such that genie 
imbalance obviates their usefulness. Preliminary results in our lab-
oratory suggest this will not be an overwhelming problem. 
Thus we would continue to advocate culture as a means of 
gaining more effective access to alien germplasm. Our own approach 
is to first produce single alien chromosome additions to wheat before 
initiating cultures. The single alien addition is chosen which carries 
the gene of value to be introgressed. Regenerants are selfed and 
progeny screened for the segregation pattern of the critical gene. The 
critical indication of useful introgressions is when the gene men-
delises. This can be readily distinguished from assortment patterns of 
the alien chromosome determined in controls. 
Access to varietal cryptic germplasm. It is increasingly my 
impression that plants have present in their genomes a far richer 
array of genetic information than that expressed. In other words, the 
phenotype (observable genotype) represents a limited subset of the 
genes present. I am not referring here to alleles which do not express 
due to recessiveness in a heterozygote, but rather to loci which are by 
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some means stably, and heritably, repressed. It seems to me that this 
is the only sensible explanation of the very high proportion and high 
frequency of dominant somaclonal mutants. Somehow cell culture 
may give access to some of this genetic resource. Only this seems 
capable of explaining the gliadin and ,B-amylase mutants described 
above. In the case of the ,B-amylase variant in wheat, no stage of the 
development of the grain could be found when the variant bands were 
expressed in the control genotype (Ryan and Scowcroft, 1987). 
Multigene families may be far more common than was previously 
envisaged. D'Eustachio and Ruddle (1983) have summarized the 
available genetic and molecular data on 55 human and murine (rats 
and mice) genes. A remarkably high proportion of the genes (at 
least 30) are proving to belong to multigene families which are either 
clustered or dispersed throughout the genome. Many of these families 
include members called pseudogenes which are known not to express. 
For example, the arginosuccinate synthetase gene seems to have at 
least 10 homologous sequences in the human genome dispersed over 
at least 8 autosomes and both sex chromosomes. 
There is increasing evidence that some genes, for which genetic 
and/ or gene product data suggested they were single genes, are 
rather members of multigene families . For example, Scarpulla et al. 
(1982) describe an analysis of the cytochrome c gene in rats. The rat 
has only a single form of the cytochrome C polypeptide, yet the use of 
a cytochrome C DNA probe revealed a family of about 25 intact or 
near intact genes. Furthermore, there was considerable sequence 
heterogeneity within the family. This remarkable result reemphasizes 
that the genome may have a considerable resource of in-built 
variability. 
Zein polypeptides are the prolamines of maize and are coded by a 
complex multigene family (Burr et al. , 1982). There is considerable 
heterogeneity in both the polypeptides and the DNA sequences. The 
results of probing the nuclear DNA with zein cDNAs indicate t hat 
there are many more genomic sequences recognized than there are 
zein polypeptides. Thus, again the genome may prove to be a resource 
of diversity. Wheat gliadins are also coded by a complex multigene 
family located in a number of clusters. A similar situation may exist 
as for the zeins. Rearrangements or altered regulation among the 
gliadin sequences as a consequence of cell culture may result in the 
altered patterns of expression. 
Likewise observed culture phenomena like sequence-copy number 
changes are means of obtaining dramatic phenotype changes without the 
introduction of new genetic information. Responses to environmental 
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stresses (herbicides, diseases, unfavourable soils) may be profoundly 
altered by amplifying genes already present. 
It has been argued that inbreeding crops have developed highly 
integrated multilocus complexes (Allard, 1975). These coadapted 
allelic units need not be linked but are constructed subconsciously 
through years of breeding. Outcrossing can destroy these complexes 
and thus destroy the finely-tuned adaptation of a cultivar to its 
cropping environment. Following crosses to exotic germ plasm (and 
possibly even to other adapted lines), many cycles of backcrossing 
and selection may be required to reconstruct the original or new 
acceptable complexes. Somaclonal variation presents itself as a 
method for generating useful variation without outcrossing. The last 
few years of analysis have considerably fortified this prospect. 
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ABSTRACT. Brassica napus L. microspore culture technology allows production 
of homozygous diploid populations representing "doubled" F1 gametic arrays. 
Refinement of this technology has increased the frequency of embryogenesis to a 
level applicable to in vitro selection. A mutagenesis/ selection system has been 
developed that involves mutagenesis of uninucleate, potentially embryogenic 
microspores followed by in vitro selection of the generated embryos, after 25-30 
days incubation. The system employs chlorophyll synthesis as a visual selection 
characteristic to identify viable embryos. Green embryos, surviving selection, are 
subcultured to regeneration medium. This mutagenesis/ selection system has 
several advantages over callus- or cell suspension-based in vitro selection systems 
including reduced cytogenetic anomalies, expression of recessive mutations, speed 
and ease of regeneration, improved unit of selection (embryos) and labor 
efficiency. 
Index Descriptors: Brassica napus, somaclonal variation, in vitro muta-
genesis / selection, mutagenesis/ selection. 
INTRODUCTION 
Genetic variability associated with cultured plant cells is a 
phenomenon recognized two decades ago (Murashige and Nakano, 
1967). Since these genetic alterations occur at extremely high fre-
quencies in somatic cell cultures, compared to naturally occuring 
mutations, Larkin and Scowcroft (1981) and numerous other authors 
have promoted the term somaclonal variation for deviations detected 
in plants derived from any form of cell culture. In spite of general 
inference that somaclonal variants have undergone genetic changes, 
the vast majority of regenerated variant plants have not undergone 
genetic analysis (Reisch, 1983). 
The genetic alterations identified in such plants are point 
mutations, cytoplasmic mutations, aneuploidy, polyploidy, transloca-
tions, deletions, inversions and epigenetic changes (Reisch, 1983). 
Although the age of cultures appears to be positively correlated with 
cytogenetic anomalies, the causes of these changes are varied and 
thus the results are unpredictable and in some cases unexplainable, 
even with genetic analysis. Excellent reviews on somaclonal variation 
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by Meins (1983), Sybenga (1983), Evans et al., (1984), Larkin et al. 
(1984), Orton (1984), Pfeiffer and Bingham (1984), Ahloowalia and 
Sherington (1985) and Bahtia et al. (1985) fully cover topics of 
terminology, characterization of somaclonal variants and their possible 
utility in economic plant improvement. Nearly all authors have 
recognized (perhaps some have even exaggerated) the potential value 
of somaclonal variation as a tool in plant breeding. With very few 
exceptions, such as the successful selection of picloram (Chaleff, 
1978) and chlorsulfuron resistant tobacco in vitro (Chaleff, 1984), 
this somaclonal variation has not been fully utilized in cell culture 
selection due to its unpredictability and difficulties in plant regen-
eration in many crop species. However, a more directed approach to 
mutation / selection in vitro has been recently developed in oilseed 
rape, Brassica napus, using an isolated microspore system. The 
success of this system depends heavily on the reduction of somatic 
cytogenetic changes due to direct and rapid differentiation of tissues, 
the production of very large populations of selection units, and the 
high frequency direct regeneration of plants after selection. 
OILSEED RAPE BREEDING VIA HAPLOIDY 
As part of our plant breeding program for developing improved 
cultivars of oilseed rape, we adopted anther culture procedures as a 
method of fixing gamete arrays of homozygous plants based on early 
work by Keller and colleagues (Keller et al. , 1982). Haploid populations 
derived through anther culture of F1 hybrids represent gamete arrays 
of those F1 plants and after spontaneous or colchicine-induced 
chromosome doubling, true breeding homozygous diploid lines could 
be established. 
Between 1981 and 1983, several thousand doubled haploid plants 
were extracted from Fi-derived anther cultures of oilseed rape and 
most ensuing diploids bred true for visual characteristics (ca. 93%). 
Approximately 7 percent of progeny rows derived from spontaneous 
diploids or colchicine-doubled haploids segregated for such charac-
teristics. Segregation in these families has probably been associated 
with heterozygosity from unreduced microspore embryogenesis, micro-
spore fusion prior to embryogenesis, aneuploidy or residual haploidy 
following colchicine treatment. In a few cases however, variants had 
resulted from Mendelian-type mutations. Most of these "somaclonal 
variants" were flagged and held for graduate student evaluation in 
future years while nonsegregating progeny rows with complete fertility 
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proceeded through various steps of evaluation in the main-stream 
breeding program. 
In 1983, emphasis was switched from anther culture of oilseed 
rape to isolated microspore culture. Within a few months, the 
frequency of embryogenesis had increased over 100-fold from tradi-
tional anther culture (Chuong and Beversdorf, 1985). Since then, 
microspore culture of some genotypes have routinely yielded embryo 
frequencies in the range of 1-2%. of microspores cultured (1200-2500 
embryos per flower bud) (Figure 1), while exceptional genotypes have 
yielded embryos at frequencies up to 7.8%. It became apparent that 
isolated microspore culture may have value to a breeding program 
beyond the production of homozygous diploids representing F1 gametic 
arrays. 
An in vitro selection system for mutagenized microspore-derived 
embryos 
An in vitro mutagenesis / selection system based on highly embry-
ogenic Brassica napus isolated microspore culture has been estab-
lished. Mutagenic treatments, such as gamma radiation, are applied 
to microspores at a rate that reduces embryogenesis by 50 percent 
(Figure 2) within the first 48 hours of isolation. Sodium azide and 
ethyl methanesulfonate (EMS) have been tested as alternative muta-
gens. Following mutagenesis, microspores are plated at a spore 
density of 6-10 x 104 spores per mL of medium, then placed in the 
dark at 30°C for 25 to 30 days. 
When the embryos reach the early cotyledonous stage (Figure 3), 
they are transferred to flasks and the culture medium is adjusted to 
approximately 110 percent of the minimum LD1oo concentration of a 
selective agent (Figures 4 and 5). Embryos in shake culture are 
subjected to light and the selective agent for approximately 10 days 
after which they are screened visually for the presence of chlorophyll 
(Figure 6). Green embryos are then subcultured to regeneration 
medium which stimulates plantlet formation (Figure 7). Although 
photosynthesis inhibitors that can limit accumulation of chlorophyll 
in developing embryos received most of our efforts to date, numerous 
other agents including non-photosynthesis inhibiting chemicals and 
physical stress may serve as selective agents. Since only viable 
embryos are capable of producing chlorophyll, visual screening for 
chlorophyll production following any type of lethal agent or envi-
ronment can be used to identify variants with tolerance. 
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Figure 1. High frequency microspore embryogenesis in Brassica napus after 20 
days in culture. Bar = 1 cm. 
Figure 3. Brassica napus embryos 30 days old at the early cotyledonary stage of 
development. Bar = 5 mm. 
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Figure 2. Gamma radiation kill curve for Brassica napus microspores. 
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Figure 5. Glyphosate microspore kill curve. 
Advantages of the microspore system in comparison to traditional 
somatic tissue selection systems are apparent. The direct development 
of microspores into embryos allows relatively little chance for the 
occurence of cytogenetic anomalies, which are of limited utility in 
breeding programs. The haploid nature of microspores at the time of 
mutagenesis directly allows for identification of both dominant and 
recessive mutations in the embryos. Spontaneously derived diploid 
embryos are almost always homozygous and therefore also express 
recessive alleles. The very high frequ ency of embryogenesis in these 
microspore cultures is superior to most somatic culture systems. The 
unit of selection, a well developed embryo is far more likely to 
characterize a vegetative plant than a free-floating or callus-confined 
individual cell. Finally, the system allows for the development and 
screening of extremely high numbers of embryos in minimum space 
and with very little labor. A single technician can mechanically isolate, 
culture and mutagenize microspores, as well as apply a selective agent 
and visually screen several hundred thousand embryos per week 
(Polsoni, Kott and Beversdorf, a submitted manuscript). 
Figure 6. Embryos subjected to light and selective agent in liquid medium culture. Bar = 1 cm. 
Figure 7. Surviving embryos developing into plantlets on regen eration medium. Bar= 1 cm. 
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Selective agents applied to the system to date include sulfonylurea, 
bentazon, glyphosate, and a few other herbicides. Early survivors have 
completed the regeneration and colchicine doubling phase, and are 
currently under evaluation as plants. While it is too early to speculate 
on levels and inheritance of surviving plants there is little doubt that 
the system is generating significant increases in tolerance to some 
families of herbicides. We hope to screen at least 10 million embryos 
for each of the five selective agents during the next 30 months. We are 
confident this will provide an ample sampling of homozygous lines to 
allow for thorough transmissible characterization and genetic analyses 
of these mutagen-induced gametoclonal variants. 
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REGENERATION OF CALLI AND PLANTS FOLLOWING 
PROTOPLAST FUSION IN LYCOPERSICON 
Maureen R. Hanson 1, Mary A. O'Connell2, 
and Charles Vidair3 
ABSTRACT. Lycopersicon esculentum, the tomato cultigen, and many of its wild 
relatives can be regenerated from tissue explants or protoplasts. Most wild 
relatives regenerate shoots more readily than the cultivar in culture. Regenerated 
plants exhibit genetic stability at isozyme loci analyzed. However, though most 
explant regenerates remained diploid , many protoplast regenerates were tetra-
ploid or octaploid. 
Regenerated somatic hybrid plants were obtained following fusion of L. 
esculentum with either S. rickii or L. pennellii. When a non-regenerating line of L. 
pennellii was used as a fusion parent, the resultant somatic hybrid lines also did 
not regenerate. In many L. esculentum + L. pennellii lines , the L. pennellii 
isozymic form was more likely to be present, even if the L. pennellii parental 
protoplasts were irradiated before fusion. 
The organelle genomes in somatic hybrid lines and plants could be monitored 
by DNA hybridization methods. Novel mitochondrial genomes or novel combina-
tions of chloroplast and mitochondrial genomes were present in a number of cell 
lines and plants. 
Index Descriptors: Lycopersicon, tomato, protoplast regeneration , fusion , 
chloroplast DNA, mitochondrial D A, isozyme markers, asymmetric somatic 
hybrid. 
INTRODUCTION 
Several years ago we began experiments utilizing protoplasts of 
Lycopersicon (tomato) species, with the goals of developing methods 
to culture and regenerate plants, of influencing transmission of 
genomes following cell fusion, and of genetically analyzing plants 
resulting from protoplast or fusion product regeneration. At the time, 
little information was available about the requirements for successful 
culture and regeneration of members of the tomato gen us. This gen us 
was an excellent candidate for culture method development both 
1Section of Genetics and Development, Cornell l niversity, Bradfield Hall, Ithaca, 
NY 14853. 
2Department of Agronomy, Horticulture and PGEL, Box 3GL, New Mexico State 
University, Las Cruces, NM 88003. 
3Department of Radiation Oncology CED-200, University of California San Fran -
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because of economic importance and the extensive classical genetic 
knowledge available. We looked to the facile protoplast culture and 
fusion of other solanaceous species, Nicotiana and Petunia, as guides, 
as well as the arduous but effective methods for potato (Solanum ) 
protoplasts developed by Shepard et al. ( 1980). The following is a 
summary of our work 
EXPLANT CULTURE 
As a simple way to gain some information concerning appro-
priate regeneration media for Lycopersicon cells, we examined the 
response of hypocotyl, leaf, and stem explants of various genotypes on 
media, a large number of which had been tested previously (Han-
garter et al., 1980; Kartha et al. , 1976; Locy, 1983; Padmanabhan et al. , 
1974; Kut and Evans, 1982; Behki and Lesley, 1976; Frankenberger et 
al. , 1981; Herman and Haas, 1978; Tai and Heikin, 1977; Ohki et al. , 
1978). We observed that the cultivated tomato, L. esculentum, 
responds but poorly in culture compared to many of its wild relatives. 
Of those tested, most wild L. pennellii, L. hirsutum, and L. peru-
vianum accessions produced abundant callus and shoots on a range 
of typical plant culture media. In contrast, most of these media 
resulted in slow-growing callus and few shoots when tomato cultivars 
were examined. Among the tomato cultivars, 'Tiny Tim' proved to 
produce the most abundant, friable , and rapidly-growing callus 
(Hosticka and Hanson, 1982) while 'Red Cherry' was superior to 
others tested in number of shoots formed from leaf ex plants (Hanson, 
1981). Three effective media for shoot formation from tomato cultivar 
and wild species tissue ex plants are MS505 [medium containing 9.2 
µM zeatin and Murashige and Skoog (1962) salts (MS); B. Thomas, 
(personal communication)], MST5 (MS medium containing 0.11 µM 
IAA and 4.6 µM zeatin) , or an MS medium containing 10 µM IAA-L-
phenylalanine and 4.6 µM zeatin (Hangarter et al. , 1980; Hanson, 
1982). The latter two contain 2% glucose instead of sucrose. Our 
preferred callus media are Thomas and Pratt's (1981) 2D/ 1P medium 
supplemented with 10% coconut milk or an MS medium containing 
10 µM IAA-L-alanine and 4.6 µM zeatin (Hangarter et al. , 1980; 
Hanson, 1982; Hosticka and Hanson, 1982). These callus- and shoot-
forming media were not the ones ultimately chosen for protoplast-
derived calli (O'Connell and Hanson, 1985, 1986; Vidair and Hanson, 
1985). However, these media may find use in transformation exper-
iments involving Lycopersicon species, now that Horsch et al. (1985) 
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have described Ti plasmid-mediated transformation of leaf explant 
cells of solanaceous species. 
PROTOPLASTCULTURE 
For culture of mesophyll protoplasts of tomato, media were based 
on those of Shepard (1980), with modifications as described (O'Con-
nell and Hanson, 1985; Vidair and Hanson, 1985). Three key factors in 
successful tomato protoplast culture were low NH4 + ion concentra-
tions in initial media, rapid dilution of protoplasts, and use of 
appropriate environmental conditions for source plants (Figs. IA, B). 
Protoplasts can readily be purified from both mesophyll and suspen-
sion cultures for use in culture and fusion experiments (Fig. 1 C). 
Several other laboratories have also reported regeneration of tomato 
plants from mesophyll protoplasts (Koblitz and Koblitz, 1982; Morgan 
and Cocking, 1982; Shahin, 1984; Sink and Reynolds, 1986). 
In addition to tomato, we have regenerated protoplasts from L. 
pennellii, the Fl hybrid of L. esculentum x L. pennellii, and L2, a L. 
peruvianum x L. esculentum hybrid produced by embryo culture 
(Thomas and Pratt, 1981). The latter three genotypes responded 
much more readily than any cultivar we tested in explant and 
protoplast culture. Ease of culturing these genotypes is comparable to 
many Nicotiana and Petunia lines, while tomato cultivars are 
substantially more difficult to handle. 
Developing from L2 a line sexually compatible with L. esculentum 
cultivars but retaining good culturability, as proposed by Thomas and 
Pratt ( 1981 ), would indeed be a boon to research requiring proto-
plasts. However, perhaps such a line could be more simply developed 
from the L. esculentum x L. pennellii Fl hybrid, since sexual crosses 
are more readily performed with this genotype. 
Our Lycopersicon protoplast culture experiments were under-
taken as a prelude to fusion experiments. While performing control 
cocultivation experiments with L. esculentum mesophyll protoplasts 
and a potential fusion partner, protoplasts from a hormone-autotrophic 
Agrobacterium-transformed L. pennellii line, we noticed that the 
mesophyll protoplasts could divide in hormone-free media containing 
transformed protoplasts. Utilizing this observation, Vidair and Hanson 
(1985) described a quantitative assay to characterize transformed 
lines' phenotypes based on their ability to replace the auxin and 
cytokinin requirement of normal tomato mesophyll protoplasts. Dif-
ferent lines differed in their ability to feed normal tomato proto-
plasts. This work also suggested that nurse-feeder protoplasts from 
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transformed lines might find a use as a protoplast culture method for 
recalcitrant tomato cultivars. Further experiments would be required 
to examine whether tomato protoplast-derived colonies induced by 
transformed feeder protoplasts have greater or lesser regenerative 
capacity in comparison to those induced by commercial preparations 
of hormones provided in media. 
Phenotype and genotypes of protoplast-derived tomato plants 
Thirteen different cultivars were induced to form callus from 
protoplasts. Regenerated cultivar plants were obtained from UC82B 
and Petoseed No. 46 leaf protoplasts (O'Connell and Hanson, 1985). 
We have also regenerated other cultivars such as 'Red Cherry' 
(O'Connell and Hanson, unpublished). Some variations in leaf shape 
or growth habit were noted, but we have not carried out any studies 
with these plants to determine whether they carry heritable genetic 
alterations as were reported for explant regenerates (Evans and 
Sharp, 1983). 
We have, however, examined more thoroughly a number of 
protoplast-derived pl~nts of the L. esculentum x L. pennellii Fl 
hybrid. One such plant exhibited variegation typical of tissue sorting-
out for a plastid mutation (Fig. lF; Hosticka and Hanson, 1984). Three 
sets of protoplast-derived plants, obtained from 3 different experiments, 
Figure 1. (A) Poor digestion of peeled Lycopersicon esculentum leaves from 
plant watered with 0.25x MS salts; (B) Good digestion of peeled L. 
esculentum leaves from plant grown as in (A) except watered with 
Nitsch salts; (C) Percoll step gradients purification of tomato proto-
plasts from suspension culture (left) and leaf mesophyll (right); (D) 
Phase contrast view of FITC-stained L. pennellii and L. esculentum 
leaf mesophyll protoplasts following PEG fusion; (E) Fluorescence 
microscopic view of same field as (D); (F) Leaves from a plant derived 
from a protoplast of the Fl hybrid L. esculentum-L. pennellii; (G) L. 
esculentum-S. rickii somatic hybrid plant regenerated following proto-
plast fusion; (H) lsozyme gels stained for phosphoglucomutase activity: 
lane 1, L. esculentum; 2, L. pennellii tumor line; 3, Fl hybrid L. 
esculentum-L. pennellii; 4, Mixture of L. pennellii and L. esculentum 
tissue; 5, L. esculentum-L. pennellii tumor somatic hybrid line 1 (SHl); 
6, L. esculentum-L. pennellii tumor somatic hybrid line 2 (SH2); 7, L. 
esculentum-L. pennellii tumor somatic hybrid line 3 (SH3); 8, SH3; 9, 
SH2; 10, SHl; 11 , Fl hybrid L. esculentum-L. pennellii; 12, Mixture of L. 
pennellii and L. esculentum tissue; 13, tumor; 14, L. esculentum; 15, 
SHl; 16, SH2; 17, SH3; 18, Fl hybrid L. esculentum-L. pennellii; 19, 
tumor; 20, L. esculentum. 
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appeared to have much rounder leaves than the parents. We 
discovered that the round shape was related to ploidy, with round-
ness increasing from diploid to tetraploid to octoploid (O'Connell et. 
al., 1986). Eighty-nine of 100 plants regenerated from protoplasts 
were tetraploid or octoploid, while only 3 of 23 Fl hybrid plants 
regenerated from leaf slices on MS505 were tetraploid (O'Connell et 
al., 1986). Some feature of the protoplast culture resulted in plants of 
higher ploidy, possibly due to spontaneous doubling or multiple cell 
fusions. The relatively low number of nondiploid plants from leaf 
slices indicates that MS505 may be a good choice for regeneration of 
Agrobacterium-transformed explants. 
The genetic stability of the regenerated Fl hybrids was examined, 
to the limited degree possible, by testing for isozyme loci characteristic 
of the parental plant (Tanksley and Rick, 1980). No variability at the 
tested loci was detected (O'Connell et al., 1986). 
PROTOPLAST FUSION 
We compared electrical and chemical fusion methods for 
Lycopersicon protoplasts. Using a homemade electrical fusion device, 
W. H. Loh (unpublished) usually obtained fusion rates of approx-
imately 5%. Because we could obtain comparable rates by chemical 
fusion, all of our somatic hybrid calli and plants produced thus far 
have been derived following a polyethylene glycol-based fusion method. 
After testing a number of published methods, we thenceforth are 
using one based on the procedure of Medgysey et al. (1980), modified 
as described by O'Connell and Hanson (1985). Fusion frequency can 
be monitored with fluorescence microscopy by counting cells exhibit-
ing autofluorescence of chlorophyll (red) derived from mesophyll 
protoplasts as well as fluorescence of fluoroscein isothiocyanate 
(green) provided to suspension protoplasts. Fluorescence can readily 
be seen three days after fusion (Figs. lD, lE.). 
CELL LINES AND PLANTS ARISING FROM PROTOPLAST FUSION 
Nuclear loci were studied by examining isozyme markers. Electro-
phoretic mobilities of isozymes coded for by parental lines were 
known to differ at a number of loci (Tanksley and Rick, 1980). A 
somatic hybrid carrying chromosomes from both parents would be 
expected to exhibit isozymic forms characteristic of the fusion 
partners. A dimeric isozyme should also be present as a third, 
heterodimeric form if both alleles are present. 
PROTOPLAST FUSION 451 
Organelle genomes were studied by hybridizing labeled chloro-
plast DNA (Hanson et al. , 1986) or labeled mitochondrial DNA 
(mtDNA) clones (McClean and Hanson, 1986) to total DNA prepara-
tions. Because chloroplast genomes in somatic hybrids have been 
found to recombine only rarely (Clark et al., 1985; Medgyesy et al., 
1985), the parental source of the chloroplast genome in hybrid lines 
could be effectively determined merely by detection of one parental-
specific restriction fragment. However, because mitochondrial genomes 
in fusion products are known to recombine (Belliard et al., 1979; 
Boeshore et al., 1983; Rothenberg et al. , 1985), mtDNA probes can 
only give information about a limited portion of the somatic hybrid 
mitochondrial genome. Finding mtDNA restriction fragments character-
istic of one parent in a somatic hybrid line does not preclude the 
presence of mitochondrial genetic information from the other parent. 
Thus, only thorough examination of a somatic hybrid's mtDNA can 
reveal whether or not recombination has occurred (Hanson, 1983). 
L. esculentum + Solanum rickii 
S. rickii was chosen as a fusion partner because it is one of the 
Solanum species believed to be closely related to Lycopersicon (Rick, 
1979). Most of the calli arising from a fusion of 'San Marzano' tomato 
mesophyll protoplasts and suspension culture protoplasts of S. rickii 
'LAI 97 4' rapidly regenerated shoots typical of S. rickii, an easily 
regenerable wild species. One callus did not regenerate immediately 
and was carried through transfers on shoot-inducing media for 11 
months, at which time a number of shoots appeared. These shoots 
exhibited morphologies intermediate between those of the two fusion 
partners (Fig. lG) , and their somatic hybrid origin was verified by 
finding both parental phosphoglucomutase isozyrnes present (O'Con-
nell and Hanson, 1986). At least some of the variation in leaf shape of 
the individual somatic hybrid plants derived from the same callus is 
likely to be due to ploidy, because some appear to be tetraploid and 
others approach hexaploidy (O'Connell and Hanson, 1986) . . 
Analyses of four shoots revealed that they all carried S. rickii 
chloroplast DNA. Using soybean (Glycine) mitochondrial ribosomal 
RNA and maize (Zea) cytochrome oxidase subunit II gene clones as 
probes, mtDNA fragments characteristic of_ only the S. rickii parental 
genome were detected. However, not all of the DNA fragments 
hybridizing to these clones in the S. rickii parent were present in the 
somatic hybrids, and the relative intensities of the fragments were 
also different. Although none of the probes identified any L. esculentum 
mtDNA fragments in these somatic hybrids, the hybrids' mitochondrial 
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genomes are clearly unique with respect to the parents (O'Connell 
and Hanson, 1986). 
L. esculentum + L. pennellii 
Most of our fusion experiments have utilized L. pennellii 'LA716,' 
a wild species which produces rapidly growing suspension cultures, 
regenerates plants readily, can sexually hybridize with cultivars when 
used as the pollen parent, but carries a mitochondrial genome that 
has significantly diverged from L. esculentum (McClean and Hanson, 
1986). Using these two fusion parents, we undertook experiments 
with the ultimate goal of creating ( 1) cybrids carrying the L. 
esculentum nuclear genome and organelle genetic information from L. 
pennellii and (2) asymmetric somatic hybrids carrying some but not 
all nuclear information from L. pennellii in a background of an intact 
L. esculentum nucleus. We based our experimental strategies on ones 
that had been successful in creating asymmetric hybrids and cybrids 
in Nicotiana (Gupta et al. , 1982; Menczel et al. , 1982). The results we 
obtained, however, were quite different from previously published 
results. 
In an early set of fusion experiments, either 'UC82B' or 'Petoseed 
No. 46' leaf protoplasts were fused with protoplasts from an old non-
regenerating suspension culture of L. pennellii. After either unir-
radiated or 1.5 Krad-treated L. pennellii protoplasts were used as a 
fusion partner, screening of resulting calli for both parental isozyrnic 
forms of phosphoglucoisomerase isozyrnes indicated that 70% were of 
fusion-product origin. This high percentage of somatic hybrid calli 
was probably due to enhanced growth and division frequency of fused 
cells relative to that of parental lines. 
None of over a hundred such calli regenerated shoots. In this 
experiment, lack of regeneration of one parental line was appparently 
dominant in the somatic hybrids, unlike findings with Nicotiana 
fusions (Maliga et al. , 1977; Glimelius and Bonnett, 1981; Gleba and 
Evans, 1983). We have since shown that L. esculentum + L. pennellii 
somatic hybrids can be regenerated into plants provided that a 
regenerating suspension culture parent (less than 6 months old) is 
used (O'Connell and Hanson, in preparation). 
Of a sample of 9 of the non-regenerating somatic hybrid calli 
examined for the parental chloroplast genome, 4 carried one or the 
other parental genome, while 5 exhibited restriction fragments 
characteristic of both. When limited portions of the mitochondrial 
genomes were examined with a set of probes known to distinguish the 
two parents (McClean and Hanson, 1986), only L. pennellii-specific 
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fragments were detected in 8 of the 9 lines sampled. These data on 
organelle genomes are consistent with other observations of organelle 
genome sorting-out following protoplast fusion (Belliard et al., 1979; 
Clark et al., 1985; Menczel et al., 1982; Boeshore et al., 1983). 
The somatic hybrid calli described by O'Connell and Hanson 
(1985) were screened and assigned as somatic hybrid only on the 
basis of their Pgi-1 isozymes. Because both parental cells were 
irradiated in some of our experiments, we extended our analysis to 
three different isozyme loci to find whether irradiation might have 
affected transmission of nuclear genes. When a sample of calli from L. 
esculentum + L. pennellii fusion experiments was analyzed, we 
discovered that not all calli were hybrid at all loci (Table 1). The L. 
pennellii parent was more likely to be represented in the hybrid 
callus. Twelve of 37 analyzed calli arising following fusion of 2.5 Krad 
irradiated parental protoplasts exhibited L. pennellii-type isozymes 
of Got-2, Pgi-1, and Pgm-2. Seventeen of the 37 calli were hybrid at 
one locus but L. pennellii-type at the other two loci. Four were hybrid 
at two loci and L. pennellii at one, and only 4 were hybrid at all 3 loci 
(O'Connell et al., 1986). 
Preferential presence of the L. pennellii allele was detected even 
in calli sampled from an experiment in which neither parent was 
irradiated (Table l; O'Connell et al. , 1986). Eleven of 38 calli analyzed 
were hybrid at one locus and L. pennellii-type at two others. Nineteen 
of the 38 were hybrid at two loci and L. pennellii at one. Eight calli 
were hybrid at all three loci. How these genotypes arose remains to be 
investigated. Now that Bernatsky and Tanksley ( 1986) have developed 
a set of cDNA markers for tomato chromosomes, the chromosomal 
composition of future tomato cell culture and fusion regenerates can 
be more extensively characterized. 
L. esculentum + L. pennellii tumor line 
In a deliberate attempt to produce an asymmetric somatic 
hybrid, we fused 10 Krad-irradiated protoplasts from an Agro-
bacterium A6-transformed L. pennellii tumor line with 'Red Cherry' 
mesophyll protoplasts (C. Vidair and M. Hanson, unpublished). As this 
experiment has not been described elsewhere, details of the exper-
imental protocol will be given below. 
The fused protoplasts were grown in liquid Shepard's ( 1980) CL 
medium without hormones for one day. The next day, liquid Shepard's 
( 1980) R medium without hormones was added. Seven days later, the 
medium was replaced with Shepard's ( 1980) liquid C-mediurn without 
hormones. After five more days, colonies scraped from the dish as well 
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Tablel. Genotypes of calli arising following protoplast fusion of L. 








*PPP: 3 L. pennellii isozyme loci 
PPH: 2 L. pennellii isozyrne loci, one locus heterozygous 
PHH: 1 L. pennellii isozyme locus, two loci heterozygous 







as free-floating colonies were put in a centrifuge tube and spun at 
500 x g for 5 minutes. The cells were resuspended in C-medium 
without hormones containing 0.5% low-melting agarose and spread 
onto 100 mm dishes containing hardened C-medium without hor-
mones. After 6-8 weeks, about 200 calli appeared. Three calli were 
selected for further study. 
Because these three calli could grow on hormone-free medium, 
they evidently carried T-DNA specifying hormone autotrophy. When 
phosphoglucoisomerase isozymes were examined, the calli were found 
to carry the two homodimeric forms specified by parental alleles, as 
well as the heterodimer. Thus, these three calli clearly contained cells 
of somatic hybrid origin. Because the fusion frequency was low in this 
experiment (a few percent) , finding somatic hybrid cells in a small 
sample was probably due to preferential growth relative to parental 
lines. The irradiation may have inhibited division of tumor proto-
plasts, and L. esculentum protoplasts tend to be damaged by fusion 
treatments. 
Since the L. pennellii parent was irradiated at a high level, we 
expected that some of the L. pennellii alleles may not have been 
transferred to the fusion nucleus. However, when Pgm-2 isozymes 
were examined, we detected the form characteristic of the L. 
pennellii parent only-the L. esculentum form was missing (Fig. lH). 
Like the experiments with non-transformed L. pennellii fusion 
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partners, the irradiated parent's allelic form was present instead of 
the non-irradiated parent's isozyrne. 
At the time this experiment was undertaken, Agrobacterium 
lines carrying engineered T-DNA which could confer antibiotic resist-
ances to plant cells were not available. Now that transformed 
antibiotic-resistant regenerable lines can be obtained by using engi-
neered Ti plasmids, these can provide more suitable material for 
attempts to produce asymmetric hybrids. Our experiences to date 
indicate, however, that even 10 Krad of irradiation of L. pennellii 
protoplasts, which prevents any cell division, is still insufficient to 
prevent transmission of markers present on several different chromo-
somes. Other methods for fragmentation of nuclear chromosomes 
may need to be utilized for transferring small regions of the nuclear 
genomes from wild Lycopersicon relative to the tomato cultivar. 
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EVALUATION OF PHOSPHORUS EFFICIENCY 
IN SOMACLONES OF RED CLOVER1 
P. C. Bagley and N. L. Taylor2 
459-480 
ABSTRACT. Red clover (Trifolium pratense L.) somaclonal variants selected 
under low phosphorus concentration in suspension cell culture were evaluated for 
their response to low soil phosphorus. Their response to soil phosphorus was 
compared with that of unselected control variants and the parental clones of the 
synthetic cultivar 'Kenstar.' 
Variation was found among the somaclones for dry matter yield , but selected 
somaclones did not differ from control somaclones. Selected variants had higher 
percentages of phosphorus and nitrogen than did controls. 
The Kenstar clones varied in their response to soil phosphorus. Tolerance of 
phosphorus stress was associated with low mean dry matter yields. In vitro callus 
growth under phosphorus stress varied among the Kenstar clones. Callus growth 
on low phosphorus media did not correlate with whole plant dry matter yield , but 
did correlate with whole plant percent phosphorus and nitrogen. 
Phosphorus efficiency is apparently a quantitative trait dependent in part on 
whole plant traits not expressed in vitro. While the goal of improved yield on low 
phosphorus soils was not met, in vitro callus growth was correlated with whole 
plant percent nitrogen and phosphorus. 
Index Descriptors: phosphorus stress, tissue culture, cell culture, regenera-
tion , Trifolium pratense L. 
The term "somaclonal variation" means the variation found among 
plants derived from cell culture. The mechanism by which this occurs 
is not understood but has been hypothesized to be the result of 
mutagens in the culture media that give rise to the accumulation of 
point mutations or gross chromosomal changes (Chaleff, 1983). 
Another possibility is that the "deregulated" environment of cell 
culture is conducive to the movement of transposable elements, 
somatic crossing over, or other intra-genomic movement of genes. 
Lastly, there is the possibility that the explant tissue used to initiate a 
cell culture has already differentiated from the germline tissue. 
Regardless of the mechanism involved, somaclonal variants may 
be recovered by two general methods. One is the random, or non-
directed sort, in which the somatic cell geneticist accepts the 
1Journal Article No. 86-3-246 of the Kentucky Agriculture Experiment Station. 
Published with the approval of the director. 
2Graduate assistant and Professor, Department of Agronomy, respectively, Univer-
sity of Kentucky, Lexington, KY 40546-0091. 
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variants without attempting to control their production, and the 
second is the selected type in which specific selection protocols are 
used to recover specific genetic changes. Non-directed · somaclonal 
variation is probably not particularly useful for a cross pollinated 
crop such as red clover (Trifolium pratense L.), which is inherently 
variable. However, characters selected under specific cultural condi-
tions potentially could be useful, because many cells may be screened 
for the desired character, and plants then regenerated from cells 
cultured in suspension. Thus, plants (cells) may be screened much 
more cheaply and in much greater numbers than in conventional 
plant breeding selection regimes. One such trait in red clover that 
could be used to test the suspension culture selection system is the 
ability to utilize elemental phosphorus (P) efficiently. 
Red clover is an important legume in the U.S. , and an intensive 
breeding program has been underway for many years at the Univer-
sity of Kentucky. Red clover is frequently grown on soils that are not 
suited for row crops or that are otherwise marginal, such as acidic 
soils. These soils present a complex of problems including decreased 
availability of phosphorus (Brady, 1974), to which red clover is 
particularly intolerant (Scott, 1973). Also, red clover in common with 
other forage legumes is a poor competitor for soil P relative to forage 
grass species (Wacquant et al. , 1981 ; Andrew and Johansen, 1978). 
Many Kentucky soils are too deficient in P for forage production. 
Not only are yields reduced, but stands are difficult to obtain at 
extremely low P levels. Although the value of adding fertilizers has 
long been recognized, only recently have plant breeders realized that 
differences in nutrient efficiency are exploitable. For example, rice 
(Oryza sativa L.) lines tolerant of low P have been reported to give a 
two ton / hectare yield advantage over intolerant lines (Ponnamperuma, 
1982). Variation of P concentration and accumulative P yield has been 
found among clones and cultivars of red clover (Seay and Henson, 
1958; Hunt et al. , 1976). It seems likely that natural variation for P 
efficiency occurs in red clover, but the mechanism is unknown. 
Mechanisms of phosphorus efficiency are varied in plants, and 
these include more efficient absorption, translocation, and metabolic 
use. Such whole plant mechanisms as translocation and metabolic use 
may not be expressed at the cellular level in suspension cultures. 
Caradus (1981 ) working in New Zealand has studied phosphorus 
absorption efficiency in white clover. He concluded that increased 
root-hair length and the presence of mycorrhiza enabled plants to 
utilize P more efficiently in low P soils. Selection for differences in 
uptake kinetics, on the other hand, may be possible at the cellular 
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level. However, uptake kinetics of P in Phaseolus and Medicago 
evidently is a poor predictor of whole plant responses (Lindgren et al., 
1977; White, 1973). 
Relatively little is known about somaclonal variation in red clover. 
Many in vitro traits, such as embryogenesis, root initiation, and callus 
growth rate are under genetic control and highly heritable (Keyes et 
al., 1980). In another forage legume, alfalfa (Medicago sativa L.) , 
somaclonal variation for leaf characteristics, growth habit, polyploidy, 
and aneuploidy was found among ethionine resistant cell cultures 
(Reisch and Bingham, 1981). Herbage yield of alfalfa somaclones was 
lower than for sexually derived clones (Pfeiffer and Bingham, 1984). 
Somaclonal variation from alfalfa mesophyll protoplast cultures was 
observed for ploidy level, growth habit, and disease resistance (John-
son et al., 1984). Tetraploid alfalfa cell cultures have produced variant 
regenerates at a rate of 21 % (Groose and Bingham, 1984). 
In vitro selection has been effective for aluminum toxicity 
resistance (Conner and Meredith, 1985), herbicide tolerance (Swartz-
berg et al., 1985; Chaleff and Keil, 1982), salt tolerance (McHughen 
and Swartz, 1984), and disease resistance (Thanutong et al., 1983). In 
these examples, the selected trait was expressed in the regenerants 
and their progeny. 
Meredith ( 1983) reviewed the criteria for successful in vitro 
selection of somaclonal variants. The most important question is, how 
is the desired whole plant trait expressed on a cellular level? Traits 
based on cellular processes are more apt to be expressed in vitro. For 
in vitro selection to be effective, there must be a correlation between 
the whole plant response and the in vitro response. 
A complete in vitro manipulation system is available in red 
clover. The system includes callus and suspension growth regimes 
with somatic embryogenesis, shoot multiplication, and rooting media 
(Collins and Phillips, 1982). While regeneration is limited to a few 
genotypes (Phillips and Collins, 1979), the system does allow the 
investigation of somaclonal variation in red clover. 
The objectives of the present study were: 
1. To determine the phosphorus efficiency of in vitro selected 
regenerants when grown at the whole plant level. 
2. To place in vitro variation in perspective by examining 
variation for phosphorus efficiency among naturally occurring whole 
plants ('Kenstar' cultivar }: 
3. To determine the in vitro performance of Kenstar and 
somaclones, and to correlate this response to that of whole plants. 
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MATERIALS AND METHODS 
The genotype B5C9 was the explant source for the in vitro 
selection program. B5C9 was selected from 'Arlington' red clover on 
the basis of in vitro regeneration capacity (Phillips and Collins, 1980). 
This genotype was cultured as a cell suspension on SL2 medium 
(Phillips and Collins, 1980) at the normal P (as KH2P04) concentra-
tion of 1.8 mM for three months. A subculture of this line was 
initiated by using an SL2 medium modified by reducing KH2P0 4 to a 
concentration of 1.8 µM. This selection culture was maintained by 
weekly subculturing onto fresh , modified ( 1.8 µMP) SL2 medium for 
four months. The original cell suspension of B5C9 was similarly 
maintained on standard, non-selective SL2 medium. 
Callus colonies were recovered from both control (non-selective, 
1.8 mM P) and selected ( 1.8 µM P) suspension cultures using the L2 
media system (Collins and Phillips, 1982) . Plants were regenerated 
from callus using LSE and LSP media at both standard and low P 
concentrations. The low P media was made by deleting N aH2P04 and 
reducing KH2P04 to 1.8 µM P. This selection scheme is diagramed in 
Figure 1. 
Eleven variant lines were recovered, of which the most vigorous 
seven were evaluated as whole plants (Table 1 ). Plants recovered 
from control cultures were designated "C," and those from selective 
media were designated "S." Two morphological types were observed 
among the regenerants. Plants designated "N" had normal morphology 
similar to the parent B5C9. Abnormal variants (designated "A") 
displayed thickened leaves, with up to nine leaflets, and with long 
petiolules and short petioles. Vigor of abnormals was low and all were 
sterile, producing no seeds via selfing or crossing. 
Cytological Analysis of Somaclonal Variants 
Mitotic analysis was carried out on root tips using the procedure 
of Anderson et al. ( 1972) . Meiotic analysis of pollen mother cells used 
the procedure of Giri et al. (1981). All plant materials were green-
house grown and collected between 10:00 and 11 :00 a.m. 
Pollen viability was estimated by staining with 2% aceto-carmine 
and counting 500 or more pollen grains from each of three flowers 
per plant. 
Whole Plant Phosphorus Evaluation 
A naturally occurring low P soil, a Tilsit silt loam (Typic 
Fragiudult) , was used to evaluate the somaclones and the Kenstar 
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Figure 1. Diagram of protocol for selection of low phosphorus regenerates. 
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Table 1. Summary of designations for somaclonal variants. 
Somaclone Type Morphology 
Cl-N Control Normal 
82-A Selected Abnormal 
C3-N Control Normal 
C6-A Control Abnormal 
S7-N Selected Normal 
C8-N Control Normal 
89-A Selected Abnormal 
Table 2. Results of soil test on Tilsit silt loam. 
P (Bray's # 1) 
P (Saturation Extract) 
Ca (Ammonium Acetate) 
Mg (Ammonium Acetate) 
Organic Matter 
pH (1:1, Soil: Water Slurry) 
pH (SMP Buffer) 
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parental clones. This soil was collected from the Western Kentucky 
Agricultural Experiment Station at Princeton, Kentucky. Two lots 
were collected, lot one in November, 1983, and lot two in May, 1985. 
Both lots were air dried, run through a soil shredder, and passed 
through a 2.4 cm wire mesh to remove clods and vegetation. Results 
of soil analysis are presented in Table 2. Both P and K were limiting to 
forage production in this soil. Ca and pH were at normal levels, 
indicating that the deficiency of P was an absolute lack rather than 
being unavailable due to precipitation by aluminum at low pH. 
Two treatments were prepared from this soil. One kilogram of soil 
was placed in a 20x8x40 cm clear plastic bag with 50g of fine 
vermiculite and then either 133.4 mg of KCl was added for the low P 
treatments or 44.2 mg of KCl with 162.4 mg of KH2P04 for the high P 
treatment. These treatments were the equivalent of adding 179 kg ha·1 
phosphate (P205 ) for the high P treatment and 1 79 kg ha·
1 potassium 
(K20) to both treatments. The soil was then mixed in the plastic bag 
until homogenous. The bag of treated soil was placed in a 15 cm 
plastic pot with 500 to 600 ml of deionized water and allowed to 
equilibrate overnight. The following day several small holes were 
punched in the bottom of each bag to allow for aeration and drainage. 
Cuttings of each clone to be tested were rooted in vermiculite in a 
growth chamber, and a single, rooted shoot was placed in each pot. 
All pots were then placed in a growth chamber and maintained 
between 15 and 18°C. A mixture of incandescent and fluorescent light 
fixtures maintained a daylength of 16 hours. Deionized water was 
added to maintain 25 to 50% saturation by weight. Pots were weighed 
and watered 2 to 3 times weekly as the combined weight of soil and 
water approached 1200 g. 
All experiments were arranged as randomized complete block 
designs with 3 replicates. The single plant in each pot was harvested 
by cutting all vegetation 2.5 cm above the soil line. Harvest schedules 
were as follows: Kenstar parental clones at 4 and 9 weeks and 
somaclones at 4, 8, and 12 weeks. Data from these experiments were 
analyzed as split-plots in time (repeated measures), with soil P level 
and genotype as main-plot factors and harvest as the sub-plot factor. 
Response variables measured were dry weight, P concentration, 
and nitrogen (N) concentration. Harvested tissues were oven dried at 
60°C overnight and dry weights measured to the nearest milligram. 
Dry samples were ground with a mortar and pestle. Samples of O.lOOg 
were weighed for simultaneous micro-Kjeldahl analysis of total P and 
total N using a Technicon Auto Analyzer. The Kjeldahl digestion was 
based on the salicylic acid-thiosulfate method (Bradstreet, 1965). 
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In-Vitro Phosphorus Response 
The L2 callus proliferation medium (Phillips and Collins, 1979) 
was modified by reducing the usual concentration of KH2P04. Two 
concentrations of P were used: 100% P L2 (32.5 mg KH2P04/ 1 and 
73.9 mg NaH2P0 4/ l); and 1% P L2 (3.25 mg KH2P04 / l and 0.739 mg 
N aH 2P04/ 1 ). All other components of the L2 medium were held 
constant at normal levels. 
Petiole sections were used as explants for initiating callus on the 
2 media. Petioles were collected from greenhouse grown plants and 
surface sterilized by immersion in 70% ethanol for 4 minutes, 1.3% 
sodium hypochlorite (25% Clorox) for 10 minutes followed by 2 
washes in sterile deionized water of 4 minutes each. Petioles were 
then aseptically sectioned into lengths of 3 to 4 mm and transferred 
to the surface of the media. 
The experimental design was a randomized complete block with 
level of P in the medium as one factor and genotype as a second 
factor. Five petiole sections of a given genotype were placed on each 
100 x 25mm disposable plastic petri plate containing approximately 
20 ml of medium. Each plate of 5 sections constituted a replicate, and 
each genotype/ media combination was replicated 4 times. Fresh 
weight of callus was recorded to the nearest milligram after 3 weeks 
on a per plate basis. In one experiment, dry weights were also 
measured. Data from 2 such experiments are presented. The first 
experiment examined the response of the Kenstar clones. A second 
experiment examined the response of the somaclones. 
RESULTS 
Fertility and Cytology of Somaclones 
Fertility was a serious problem among the somaclonal variants. 
Most somaclones did not flower or did so only sporadically. All mitotic 
chromosome counts among B5C9, C3-N, 87-N, C8-N, and 82-A were 
normal with 14 chromosomes. Two satellite chromosomes were 
usually observed. Apparently, aneuploidy or polyploidy was not a 
factor contributing to variability in these somaclones. Meiotic analysis 
of C3-N pollen mother cells showed evidence of cytological irregular-
ities. Of 198 pollen mother cells observed, 87% were normal with 4 
nuclei at the tetrad stage. The rest ranged from 3 to 8 nuclei. Pollen 
viabilities of B5C9, C3-N, and 87-N were 97%, 72%, and 58% respec-
tively. The explant source B5C9 had normal pollen, but the abnormal 
somaclones appeared to undergo abnormal meiosis resulting in low 
pollen viability. 
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Kenstar Clone Whole Plant Evaluation 
Dry Weight. Added soil P increased dry weight yields 218% over 
no added P (Table 3). Significant treatment and treatment by entry 
interaction effects were observed in the analysis of variance. No 
significant harvest by entry effect was observed, indicating that clonal 
performance was similar over harvests. Overall, clone 684 produced 
the highest yield. At high P, 684 significantly outyielded all other 
clones, but at low P it ranked fourth and was significantly lower than 
clones 581 and 1173, which ranked first and second, respectively. The 
highest yielding genotype at high P did not necessarily perform 
similarly at low P, and vice versa. Clone 710 had the lowest yield at 
both P levels. Mean yield rank was similar to high P rank A low, but 
significant (p=0.01) correlation ( r=0.36) was obtained between low P 
yield and high P yield. 
Percent Phosphorus. Phosphorus added to the soil increased 
percent P in plant tissue by 0.069%, which represents a 14 7% increase 
over low P (Table 3). The treatment and clone effects were significant 
in the analysis of variance, but their interaction was not. The harvest 
by clone interaction effect was significant. Clone 1173 had the highest 
mean percent P and also ranked first at both treatment levels. Clone 
684, which had the highest mean dry weight, ranked second at high P, 
but only fifth at low P. Clone 581, which did well on a dry weight basis 
at low P, ranked second for percent P at low P. Phosphorus content in 
tissue at low P and high P were correlated (r=0.71, p=0.01). 
Percent Nitrogen. The ranking of clones for percent N were not 
very similar from high P to low P (Table 3) in spite of a non-significant 
treatment by entry interaction effect. The harvest by clone interaction 
effect was not significant. The percent N for most clones was not 
significantly different from one P level to the other, although average 
percent N was higher on the high P treatment. 
Correlation Coefficients. Correlation coefficients were estimated 
for all response variables at both P levels. Dry weight was significantly 
and positively correlated with percentage P at both low (r=0.30, 
p=0.05) and high (r=0.59, p=0.01 ) P levels. Low P dry weight was not 
significantly correlated with percent N, but high P dry weight was 
negatively correlated with high P percent N (r=-0.31 , p=0.01). Under 
low P percent N was correlated with percent P (r=0.76, p=0.01) , but 
not at high P. 
.;::.. 
Table 3. Mean dry weights and percentages of phosphorus and nitrogen for Kenstar clones evaluated on o:i 00 
low and high phosphorus soils. 
High p LowP 
Low P vs. 
Trait Clone Mean Rank Mean Rank High p 
Dry 
Weight 684 825at 1 195b 4 ** 
(mg) 1224 635b 2 277ab 3 ** 
581 439c 4 343a 1 NS 
1173 453bc 3 303a 2 
713 358cd 5 153bc 5 ** 
829 328cd 6 103c 7 ** 
700 288cd 7 134bc 6 * 
710 19ld 8 102c 8 NS 
x 439 201 
C.V.(%) 37 30 
Percent 
p 1173 .232a .18la ** 
t:O 
1 1 > 




684 .229ab 2 .144bc 5 ** >-< 
** 
Pl 
710 .226ab 3 .142bcd 6 ::i a.. 
1224 .216abc 4 .149bc 4 ** >-3 > 
(Continued on next page.) ~ 0 
::ti 
Table 3. Mean dry weights and percentages of phosphorus and nitrogen for Kenstar clones evaluated on 
r:n 
low and high phosphorus soils (continued from previous page). 0 
~ 











p 700 .192c 8 .154abc 3 ** tiJ 0 
713 .209abc 6 .127cd 7 ** () l' 
829 .204bc 7 .1 15d 8 ** 0 
x .216 .147 ti3 ::0 
C.V.(%) 9 14 
Percent 
N 1173 4.127a 2 4.118a 1 NS 
713 4.217a 1 3.583bc 5 ** 
710 3.749bc 6 3.942ab 2 NS 
829 3.973ab 3 3.640bc 3 NS 
1224 3.777bc 5 3.608bc 4 NS 
700 3.690bc 7 3.515c 6 NS 
581 3.783bc 4 3.402c 7 NS 
684 3.457c 8 3.383c 8 NS 
x 3.847 3.649 
C.V.(%) 8 7 
NS Non-significant difference. 
* * * Significantly different at 0.05 and 0.01 levels, respectively. ~ 
' o:i 
t Means followed by the same letter are not significantly different by paired t tests. 
i.O 
~ 
Table 4. Mean dry weights and percentages of phosphorus and nitrogen for somaclones evaluated on 
-.:i 
0 
low and high phosphorus soils. 
High p LowP 
Low P vs. 
Trait Clone Mean Rank Mean Rank High p 
Dry 
Weight B5C9 506at 1 355a 1 ** 
(mg) C3-N 360b 3 249b 2 NS 
S7-N 384ab 2 156c 5 * 
C6-A 270bc 4 18lbc 4 NS 
S2-A 239bcd 6 109c 7 NS 
C8-N 128cd 7 183bc 3 NS 
Cl-N 26lbcd 5 31c 8 * 
S9-A 96d 8 144c 6 NS 
x 281 176 
C.V.(%) 20 36 
Percent to 
p C6-A .30la l~ .229a 1 ** >-0 
C3-N .296a 2 .193ab 3 ** r-' t:rj 
S2-A .290a 3 .19lab 4 ** ...::: 
~ 
S9-A .286a 4 .195ab 2 ** ::l 0.. 
S7-N .263ab 6 .19lab 5 ** >-3 >-
(Continued on next page.) t5 0 
~ 
Table 4. Mean dry weights and percentages of phosphorus and nitrogen for somaclones evaluated on Cf) 
low and high phosphorus soils (continued from previous page). 0 
~ 
High p LowP 0 L' 
0 
Low P vs. z trl 




Percent ~ M 
p B5C9 .266ab 5 .176b 7 ** u 
0 
C8-N .226b 7 .182b 6 NS L' 0 
Cl-N .218b 8 .079c 8 ** ~ 
x .268 .179 ~ 
C.V.(%) 5 19 
Percent 
N S9-A 4.920a 1 4.987ab 2 NS 
C6-A 4.700ab 2 4.740ab 5 NS 
S2-A 4.325ab 6 5.1 lOa 1 NS 
C3-N 4.578ab 3 4.772ab 3 NS 
S7-N 4.454ab 4 4.752ab 4 NS 
B5C9 4.2llb 7 4.448b 7 NS 
C8-N 3.954c 8 4.486ab 6 NS 
Cl-N 4.352ab 5 3.185c 8 
x 4.437 4.560 
C.V.(%) 8 8 
NS Non-significant difference. 
* * * Significantly different at 0.05 and 0.01 levels, respectively. *'" ' -.:) ....... 
t Means followed by the same letter are not significantly different at the 0.05 level/by pairwise t tests. 
472 BAGLEY and TAYLOR 
Table 5. Sums of squares owing to single df contrasts among 
somaclones evaluated on low and high phosphorus soils. 
Control Normal B5C9 
vs vs vs 
Selected Abnormal Selected 
Dry Weight LP 10,603 2,320 304,567** 
HP 2,272 59,859t 431,934 ** 
x 7,950 39,557t 708,344** 
%P LP 4,932 20,637** 1,898 
HP 3,554 14,336** 985 
x 8,442 * 34,653* * 2,885 
%N LP 4,336,978 * * 3,895,182* * 1,576,811 * 
HP 225,791 839,839 530,466 
x 3,357,14 7* * 4,377,758* * 2,218,267* * 
NS Non-significant. 
t ,*,** Significant at 0.10, 0.05, and 0.01 levels respectively. 
Somaclone Whole Plant Evaluation 
Dry Weight. Mean yields of somaclones were increased 131% by 
the addition of P (Table 4) . The treatment by somaclone interaction 
effect was significant, indicating differential response of the soma-
clones to soil P level. The harvest by somaclone interaction effect was 
not significant. The explant source, B5C9, outyielded all somaclones 
at both P levels. At high P only one somaclone, 87-N, was not 
significantly different from B5C9. Two somaclones, C8-N and S9-A, 
yielded more at low P than at high P. Both C8-N and 89-A were low 
yielding at high P (rank 7 and 8, respectively). At low P, neither 
somaclone was significantly different from the lowest yielding clone, 
Cl-N. 
Single degree of freedom contrasts showed that B5C9 was 
different from the selected somaclones (Table 5). The control and 
selected somaclones did not differ. Normal and abnormal somaclones 
differed under high P (p<O. l 0). 
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Percent Phosphorus. Phosphorus added to the soil increased 
percent P in the tissue by 150%. Ranking of somaclones and B5C9 at 
both P levels were very similar, and the treatment by clone interaction 
was not significant. The harvest by somaclone interaction effect was 
significant. At high P, B5C9 ranked fifth for percent P, but was not 
significantly different from the first ranked clone C6-A. 
B5C9 did not differ from the normal somaclones when evaluated 
by single degree of freedom contrasts (Table 5). Selected somaclones 
had a significantly higher percent P overall than control somaclones. 
Percent Nitrogen. Soil P level did not affect N concentration. The 
somaclone effect was the only significant main-plot effect in the 
analysis of variance. The harvest by somaclone effect was not 
significant. Percent N means (Table 4) showed a ranking similar to 
percent P. Only one somaclone, Cl-N, was significantly different from 
one P level to the other. The range of values for percent N at low P 
(5.110% to 3.185%) was wider than that at high P ( 4.920% to 3.954%). 
Single degree of freedom contrasts showed that B5C9 differed 
from the selected somaclones (Table 5). Selected somaclones had 
significantly higher percent N than B5C9 and controls at low P and 
overall. Abnormal somaclones also had significantly higher percent N 
than controls at low P and overall. 
Correlation Coeffecients. Correlation coefficients among the 
response variables were calculated. Dry weight was not significantly 
correlated with percent P. Percent N was negatively correlated with 
dry weight (r=-0.35, p=0.01) at high P, but not associated with dry 
weight at low P. Percent N was positively correlated (p=0.01) with 
percent Pat both P levels, r=0.58 at low P and r=0.43 at high P. 
Kenstar Clone In-Vitro Performance 
Yield of fresh callus at 100% P was 308% of that at 1 % P (Table 6). 
The treatment, clone, and treatment by clone interaction effects in 
the analysis of variance were significant. At 100% P, clone 684 
significantly outyielded all other entries. However, significant differ-
ences were not observed among the clones at 1 % P. Clone B5C9 
compared favorably with the Kenstar clones. 
Somaclone In-Vitro Performance 
The somaclones responded differently for callus growth on the 
different P levels. The treatment, somaclone, and treatment by 
somaclone interaction effects were significant in the analysis of 
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Table 6. Mean callus fresh weight (mg) of the Kenstar clones and 
somaclones evaluated on low and high phosphorus media 
in vitro. 
High p LowP 
Clone Mean Rank Mean Rank HIPvsLOP 
684 632at 1 53a 8 ** 
1173 4llb 2 229a 1 NS 
B5C9 340b 5 134a 2 * 
710 369b 4 99a 3 ** 
700 378b 3 88a 5 
581 285bc 6 69a 7 NS 
829 94c 8 98a 4 NS 
713 108c 7 76a 6 NS 
x 327 106 
C.V.(%) 55 35 
S7-N l,377a 1 406a 1 ** 
C3-N l ,223a 2 216bc 6 ** 
S9-A 916b 3 257bc 5 ** 
C8-N 712b 5 317ab 2 ** 
Cl-N 766b 4 203bc 7 ** 
S2-A 652b 6 295ab 3 ** 
B5C9 65lb 7 274bc 4 ** 
C6-A 63lb 8 155c 8 ** 
x 866 266 
C.V.(%) 24 31 
NS Non-significant difference. 
* * * Significantly different at the 0.05 and 0.01 levels, respectively. 
' 
t Means followed by the same letter are not significantly different. 
variance. Callus fresh weight yield at 100% P was 326% of that at 1% P 
(Table 6). Somaclone S7-N ranked first at both P levels and yielded 
significantly more than all other clones at 1 % P. B5C9 yielded 
relatively low, ranking seventh on a mean basis. 
Single degree of freedom contrasts showed that the control 
somaclones were significantly different from selected somaclones 
(Table 7). B5C9 differed from selected somaclones at 100% P but not 
SOMACLONES OF RED CLOVER 475 
Table 7. Sums of squares owing to single df contrasts among 
somaclones evaluated on low and high phosphorus media 
in vitro. 
Control vs. Normal vs. B5C9 vs. B5C9 vs. 
Selected Abnormal Selected Control 
LowP 63,938** 16,943 6,211 8,343 
High p 151,470t 563,013** 328,187** 106,142 
x 206,115* * 387,648** 212,346** 27,485 
t , *' * * Significant at the 0.10, 0.05, and 0.01 levels, respectively. 
Table 8. Correlation coefficients, for in-vitro vs. whole plant per-
formance at low and high phosphorus levels for the 
Kenstar clones. 
Whole Plant 
Dry Weight x 
HP 
LP 
Percent P x 
HP 
LP 













In-Vitro Callus Fresh Weight 









-.02 .86 ** 
t ,* ,* * Significant at the 0.10, 0.05, and 0.01 levels, respectively. 
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at 1 % P. The control somaclones did not differ from B5C9. The mean 
of selected somaclones was 123% of control somaclones and 141% of 
B5C9. 
Correlations Between Whole Plant and In Vitro Performance 
Whole plant response variable means were correlated with in 
vitro callus fresh weight means for both the Kenstar clones and the 
somaclones. 
Among the Kenstar clones, whole plant high P dry weight was 
positively correlated (r=0.63) with 100% P callus weight at the 0.10 
level (Table 8). Low P dry matter yield was not significantly correlated 
with low P callus yield. Mean percent P of whole plants was correlated 
with mean callus production in vitro (r=0.70, p=0.05). Again , low P 
callus yield was not correlated with whole plant percent P. Mean 
percent N of whole plants was correlated (r=0.79, p=0.05) with low P 
callus yield. Percent N at the high P level from whole plants was 
negatively correlated with high P callus yield (r=-0.64, p=0.10). Finally, 
percent N for the whole plant at the low P level was correlated 
(r=0.86, p=0.01) with low P callus yield. 
In contrast to the Kenstar clones, no significant correlation 
between in vitro callus growth and any whole plant parameter was 
observed for somaclones. An analysis of the combined Kenstar and 
somaclone data gave results similar to the Kenstar clones alone. 
DISCUSSION 
Fertility and Cytology of Somaclones 
The poor fertility of thP somaclonal variants represents the most 
serious obstacle to the incorporation of in vitro techniques into 
conventional plant breeding of red clover. In a seed propagated crop 
such as red clover, sexual transmission of any trait recovered from 
tissue culture is an absolute necessity. Fertility problems appear to be 
related to cytological abnormalities. 
Analagous observations have been made in certain other crop 
plants recently studied. For example, cytological abnormalities have 
frequently been found in alfalfa plants derived from tissue culture 
(Groose and Bingham, 1984; Johnson et al., 1984; Reisch and 
Bingham, 1981). Cytogenetic abnormalities in oat plants derived from 
tissue culture were related to length of time in culture (McCoy et al. , 
1982). The high degree of sterility found in the somaclones was 
probably a result of extended time in vitro. If in vitro selection could 
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be carried out with a short cultural phase, fertility of regenerates 
would be maximized. 
Variation for Whole Plant Response Variables 
Variation for dry matter yield in response to soil P was found 
among the somaclones. Phosphorus responsive and non-responsive 
somaclones were found that significantly differed from B5C9. How-
ever, B5C9 yielded more than all somaclones at both P levels. The 
poor performance of the somaclones may be related to the length of 
time spent in culture. 
Genotypic variation was also found for percent P of plant tissue 
in both the Kenstar clones and the somaclones. Genotypic ranking, 
however, was stable over soil P level. This is in contrast to studies with 
white clover that showed increased percent P to be associated with 
increased dry matter yield at low soil P (Snaydon and Bradshaw, 
1962). Variation for percent P was small relative to variation for dry 
matter yield. 
Genetic variation for percent N was also found among the 
Kenstar parental clones, and genotypic performance was stable over 
soil P level. More genetic variance was expressed for this character 
under low soil P than at high P for percent N. More progress could be 
made by selecting for increased percent N at low P than at high P, but 
gains made at one P level should be realized at the other. 
Individual plant data on clonal replicates of red clover is 
generally quite variable, and these experiments were no exception. 
High coefficients of variation for dry matter yield (and fresh callus 
weights from in vitro experiments) were observed in all experiments, 
thus true genotypic differences were difficult to detect. Percent N and 
percent P had much lower coefficients of variation than dry matter 
yield. It was more likely that differences detected for percent N and P 
were real differences. 
In Vitro Phosphorus Response 
The finding that genetic variation exists for callus growth in 
response to media P concentration is important, because it confirms 
that there is a basis for in vitro selection. However, estimates of the 
amount of variation expressed at low P were small relative to those 
expressed at high P, suggesting that in vitro selection under P stress 
would be ineffective. 
Whole plant dry matter yield of the Kenstar clones was poorly 
correlated with callus fresh weight. Whole plant yield at high P was 
correlated with callus fresh weight at high P. An important relationship 
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for successful in vitro selection, that low P whole plant dry matter 
yield was correlated with low P callus dry matter yield, was not 
evident. 
Among the Kenstar clones, callus yield on low P media correlated 
most strongly with whole plant percent N at low P. Those genotypes 
that as whole plants had high percent N at low soil P produced the 
most callus growth under P stress. Apparently at limiting P concentra-
tions in vitro, the factor that distinguished genotypes for callus yield 
was their N metabolism. In the whole plant experiments, percent N 
was initially reduced at low P, and it was concluded that this was due 
to poor N fixation and/ or plant vigor. Since N fixation could not have 
occurred in vitro, some other factor of N metabolism must account 
for this correlation. 
The lack of a correlation between somaclone whole plant perform-
ance and in vitro performance is disturbing. Either the observed 
correlations between the two regimes for the Kenstar clones were 
spurious, or some peculiarity of the somaclones skewed the results of 
the in vitro evaluation. One factor that could cause the latter would 
be differences among explants from less vigorous somaclones com-
pared to stronger somaclones. 
The implications of this story for in vitro selection are important. 
Selection for high callus growth at low P in vitro may improve the 
correlated whole plant characteristic, percent N, rather than yield. In 
fact, the selected somaclones did have higher percent N than controls. 
This may account for the similarity of control and selected soma-
clones for their yield. 
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GENETIC INSTABILITY IN CELERY TISSUE 
AND CELL CULTURES 
T. J. Orton 1 
481-498 
ABSTRACT. Genetic instability in plant cell and tissue cultures produces 
somaclonal variants in regenerated plants and sometimes the loss of ability to 
regenerate. A review of pertinent literature is intercalated with a summary of 
work by the author and colleagues with celery (Apium graveolens L.). 
The instability phenomena can be classified as: (1) explant (preexisting); 
(2) induction; (3) propagation; and ( 4) transmission into regenerated plants. 
There is little evidence in celery of preexisting genetic variation in the explant, but 
this may be a consequence of technical limitations that limit discernment of the 
induction process. In three celery genotypes studied, and within the context of 
gross cytology and an isozyme marker, it was found that induction occurs during 
the earliest stages of the callus initiation process. Evidence suggests that medium 
composition has a modulating effect on the ratio of abnormal to apparently 
normal cells. Regenerated embryos and plants composed of abnormal cells 
frequently abort; those successful in normal development have fewer abnormal 
cells. As new molecular markers are developed, the prospects for understanding 
these phenomena appear bright. 
Index Descriptors: somaclonal cultures, genetic instability, celery, Apium 
graveolens L., callus tissue. 
INTRODUCTION 
As methods were successfully developed to culture plant cells, 
tissues, and, in some instances, to regenerate whole plants, the 
possibility has been advanced that the principles of microbial genetics 
might now apply to higher organisms (Carlson, 1973). Because the 
isolation of mutants and ability to transform cells with DNA had 
proven to be so powerful in elucidating fundamental biological 
properties of bacteria and fungi, a new era in eukaryotic biology has 
been envisioned. While there is no question that these technologies 
have had a substantial impact on our knowledge about higher plants 
and animals, the so-called revolution has unfolded much more slowly 
than originally predicted. 
One of the reasons for this disparity is the fact that the cultured 
cells of both higher plants and animals are not strictly comparable to 
those of bacteria or fungi. An important difference between cultured 
1DNA Plant Technology Corporation, 182 Lewis Road, Watsonville, CA 95076. 
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eukaryotic and prokaryotic cells is that the former tend to exhibit 
genetic instability when cultured in vitro. The genome of a higher 
plant is normally organized into sets of chromosomes which we 
conventionally presume are identical in all cells of a given organism. 
Inasmuch as numerous mitotic cell divisions occur from zygote to 
gamete, this process evidently is stable in somatic tissues during 
normal plant development. 
On the other hand, these same tissues or cells, when removed 
from the plant and cultured on artificial media, give rise to somatic 
cells bearing a high incidence of both gross and subtle genetic changes 
(Bayliss, 1980; Larkin and Scowcroft, 1981 , 1983; Orton, 1985c). 
Genome alterations appear at frequencies which vary according to 
genotype, age, mode of propagation, and probably other factors. If 
plants can be regenerated, they frequently carry mutations which 
affect developmental or physiological properties. 
Thus because of genetic instability, tissue culture may be a 
precarious tool for high-fidelity plant propagation (Lawrence, 1981). 
On the other hand, its use may be invaluable when new variation is 
sought for crop improvement (Larkin and Scowcroft, 1981 ). This 
paper summarizes recent studies by the author and collaborators 
directed towards elucidation of the mechanisms underlying this 
phenomenon in the plant species celery (Apium graveolens L.). 
MATERIALS AND METHODS 
Methods for culture establishment and maintenance, medium 
composition, regeneration, cytological analysis , and the determination 
of isozymic genotypes have been described in previous publications 
(Browers and Orton, 1982a; Murata and Orton, 1983; Orton, 1983; 
Orton, 1985a, 1985b ). Specific departures from these general methods, 
and additional procedures, are described following in the presenta-
tion of specific experiments. 
RESULTS AND DISCUSSION 
Genetic Instability In Vivo 
Present evidence concerning genetic variability within individual 
celery plants supports the traditional understanding of genetic 
stability. Chromosome counts and karyotype analyses involving root 
tip meristems and developing microspore cells of plants raised from 
seed have not identified mutant cells in either of these tissues 
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(Browers and Orton, 1982a; Murata and Orton, 1983; Orton, 1985a). 
Analyses of isozyrne markers in leaf disc tissues of multiply marked 
plants also failed to yield intraplant variation (Orton, unpublished), 
but leaf discs consist of thousands of cells, and only pure clones of 
cells carrying mutations encoding altered electrophoretic mobility of 
specific enzymes would be detectable. Compelling evidence has been 
accumulated, however, for the existence of within-plant genetic 
variability in both celery (Marks., 1978) and other plant species (see 
review by Orton, 1984). 
Callus Initiation 
Cross sections of petioles are convenient explant sources and 
have been used extensively in celery tissue culture experiments. 
Callus initiation studies conducted independently in several labora-
tories utilizing petiole sections have shown that the process is 
relatively slow, taking up to three months before any perceivable 
tissue proliferation is evident (Williams and Collin, 1976a; Zee and Wu, 
1979; Orton, 1985b; J. R. Wong, pers. comm.). Sections of young 
petioles have a greater tendency to produce callus than do those of 
older petioles (J. R. Wong, pers. comm.), and dormant axillary buds 
often produce callus faster than do petiole sections (Fujii, 1982). 
There is seemingly no evidence that callus tissue derived from 
different explant sources are qualitatively different. 
Zee and Wu ( 1979) have demonstrated in a histological study 
that callus tissue develops from provascular tissue on the cut surface 
of petioles. During the callus initiation process, a variety of different 
morphological tissue forms usually appear. These may be pigmented 
or unpigmented and exhibit varying degrees of organization. Embryo-
genic callus originates among this mixture as an unpigmented friable 
tissue which consists microscopically of densely-cytoplasmic globular 
cell aggregates. Genetic observations, which will be described herein, 
were derived from embryogenic callus. A population of callus cells 
usually exhibits variation in macroscopic appearance, cellular organiza-
tion, and embryogenic output. 
Very little is known about genetic and developmental events when 
somatic cells in the explant begin to divide mitotically as callus 
initials. D'Amato (1985) reviewed the elegant cytophotometric work 
he and colleagues conducted in tobacco which showed that the callus 
initiation process is associated with polyploidization. In celery, the 
earliest genetic observations have been conducted on callus tissues as 
they were first visible macroscopically on the cut surface of explanted 
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petiole sections (Orton, 1985a) . The celery genome consists of eleven 
pairs of chromosomes, ten pairs of which are aero- or telocentric, and 
the remaining pair is metacentric (Figure 1 ). Among four genetically 
distinct lines tested, the proportion of cytogenetically aberrant cells 
(e.g., polyploid or aneuploid) in these tissues ranged from 56 to 100% 
(Table 1 ). Additionally, lines carrying the "hypervariable" Pgm-2 FS 
marker system (Orton, 1983) exhibited a high proportion of isolated 
clones (70% of 50 clones tested) from freshly initiated callus tissue, 
which lost fast allele expression. Thus, it was concluded that genetic 
changes may occur frequently during early stages of the callus 
initiation process from celery petiole sections. 
Based on a protoplast air drying technique (Murata, 1983), 
Murata and Orton (1984) reported detailed karyological studies of 
relatively young (three months from explant) suspension cultures of 
the celery cv. 'Tall Utah 52-70 R. ' Approximately 59% of cells in the 
culture were indistinguishable from normal diploids, the remainder 
being primarily hypodiploid (2n<22; 42% with minor fractions being 
hyperdiploid (23<2n<30; less than 1%), tetraploid (2n=4x=44; 5.5%) , 
and hypertetraploid ( 45<2n<60; 2.5%) End-to-end fusions were 
present in 44% of the cells and were particularly frequent in 
hypodiploid cells (Fig. 1) . Fusions were random with respect to 
chromosome but non-random with respect to the short arms of 
acrocentric chromosomes. It was speculated that breakage of such 
fused chromosomes during opposing anaphase dysjunction of syn-
tenic centromeres could precipitate further cytogenetic changes and 
perhaps, as speculated by McClintock (1978) , stimulate the movement 
of genomic transposable elements. Such preliminary evidence, how-
ever, suggests that a substantial degree of genetic variability, both at 
the coding sequence level and karyological level, is generated during 
the initiation process. 
Callus Propagation 
Once initiated, embryogenic celery callus tissues are usually 
maintained by serial subculture by transferring some or all of the 
tissue in a vessel to fresh maintenance medium (e.g., AG-1 , Table 2) at 
monthly intervals. Alternatively, tissues may be dissociated in liquid 
medium under mechanical agitation and subcultured at desired 
intervals. The total genetic variability present in a given "culture" at a 
given point in time is a function of the following parameters: (1) the 
total amount of variation generated during callus initiation; (2) the 
relative cell generation time of each variant (or mutant) compared to 
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Figure 1. Celery karyotypes: a) normal karyotype of a root tip cell (2n=22, b-e) karyotypes of cultured celery 
cells exhibiting variation in number and structure. A= acrocentric; M = metacentric; T = telocentric; 















Table 1. Karyological constitution and regeneration capacity of 
celery callus tissues maintained on different media. 
105d 
Proportion of Cells*** 
Genotype Medium 2n 2n± >4n± Regen * 
52-70R Ag-1 .00 .20 .80 
AG-MIN 
AG-MAX 
52-70R x 169001 AG-1 .00 1.00 .00 +/ -
AG-MIN 
AG-MAX 
169001 x 52-70R AG-1 .44 .50 .06 ++ 
AG-MIN 
AG-MAX 
169001 AG-1 .33 .67 .00 +/ -
AG-MIN 
AG-MAX 
* Regeneration pattern:+= uniform regeneration of recognizable plants from 
somatic embryos; ++= very high abundance of regenerants; - =no plants or 
recognizable embryos; +/ -= regeneration capacity spatially sectored. 
Culture lost to contamination. 
Sample size = 20 cells per culture. 
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Table 1. (continued from preceding page.) 
244d 369d 
Proportion of Cells** * Proportion of Cells*** 
2n 2n± >4n± Regen 2n 2n± >4n± Regen 
.00 .17 .83 +/ - .00 .00 1.00 
.00 1.00 .00 ** 
.00 .06 .94 .00 .00 1.00 
.67 .27 .06 +/ - .61 .22 .17 
.11 .83 .06 .00 .50 .50 
.06 .88 .06 +/ - .38 .56 .06 +/ -
.33 .33 .33 ++ .00 .00 1.00 
.67 .33 .00 +/ - 1.00 .00 .00 
.22 .72 .06 +/ - .33 .67 .00 +/ -
.22 .67 .11 ++ .00 1.00 .00 
.00 1.00 .00 .00 1.00 .00 
.61 .22 .17 + .27 .73 .00 +/ -
* Regeneration pattern: + = uniform regeneration of recognizable plants from 
somatic embryos; ++ = very high abundance of regenerants; - = no plants or 
recognizable embryos;+/ -= regeneration capacity spatially sectored. 
** Culture lost to contamination. 
Sample size = 20 cells per culture. 
Table 2. Composition of artificial media used for celery tissue culture and regeneration (AG-R). 
Component AG-1 AG-MAX AG-MIN 
Basal medium MS* MS MS 
(No NH4N03) 
Vitamin supplements MS MS None 
Casamino acids (Sigma) None 5.0 mg/ I None 
Yeast extract (Difeo) None 10.0 mg/ I None 
2,4-D (Sigma) 0.5 mg/ I 0.5 mg/ I 0.5 mg/ I 
Kinetin (Sigma) 0.1 mg/ I 0.1 mg/ l 0.1 mg/ I 
Sucrose 30 g/ l 30 g/ l 30 g/ l 
Activated Charcoal (Sigma) None None None 
pH 5.8 5.8 5.8 








30 g/ l 
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the most "fit" cell in the culture; (3) the rate at which new variants 
(or mutants) are generated; and ( 4) the method of subculture (see 
Orton, 1984 for detailed review). Theoretically, subculturing can have 
a substantial impact on variation. For example, alteration of the 
sampling method (small amounts of tissue could lead to random 
drift) or periodicity of subculture (e.g. , long vs. short period) could 
potentially generate different arrays of variants. We are severely 
limited in our ability to estimate these parameters by the lack of 
effective methods to detect and measure genetic variability in somatic 
tissues. Thus far, chromosome number, karyotypes, and enzyme 
electromorphic markers have been used to study genetic instability in 
celery cell and tissue cultures. Attempts to develop restriction 
fragment length polymorphisms (RFLPs) to gain further insights into 
this phenomenon are in progress. RFLPs have shown promise in the 
detection of genetic instability in tissue cultures of flax (Cullis, 1983). 
Earlier, we investigated the effect of genetic background and 
source of explant tissue on the chromosome number of cultured 
celery cells (Browers and Orton, 1982a). Differences between cultures 
derived from two explant sources (leaf discs vs. petiole sections) and 
three genetic lines were determined in two separate experiments. For 
statistical purposes, cells were examined cytologically and assigned to 
one of four categories based on chromosome number. Proportions of 
cells in each category were tabulated. Analyses of variances showed 
that genetic background was a significant factor, whereas explant 
source was not. 
Later, more detailed studies of karyotypes in 12-month-old 
suspension cultures of a cv. 'Tall Utah 52-70 R' x PI 169001 Fl hybrid 
using the Murata (1983) protoplast technique revealed the inad-
equacy of chromosome numbers alone in estimating genetic variability 
due to gross cytogenetic changes (Murata and Orton, 1983). While a 
significant proportion of the cells in this culture were superficially 
2n =22 and, hence, judged diploid based on number alone, they were 
all distinguishable from the normal diploid karyotype as well as from 
each other based on comparisons of chromosome structure. In fact , 
all 40 metaphase cells analyzed in this study could be distinguished 
based on a combination of chromosome number and structure. Thus, 
without even considering more subtle mutational events, it would 
appear that a tremendous amount of genetic variability had been 
released into this culture. It has been generally observed that genetiC 
variability accumulates as plant cell and tissue cultures age (see 
reviews by Bayliss, 1980; Orton, 1984). 
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Subsequently, three experiments were conducted to test the 
effect of age and genotype on manifestations of genetic variability in 
celery tissue cultures. In one such experiment, an Fl hybrid plant was 
sexually synthesized that was simultaneously heterozygous at seven 
known Mendelian loci, five of which were constitutively expressed 
isozyme markers. Callus was initated from immature petiole sections 
(Orton, 1985a). The original experimental plan was serially to 
propagate this callus culture for 24 months and to assay at 6, 12, and 
24 months for chromosome number, structure, and isozyme pheno-
type (sampled from isolated clones). Regeneration to whole plants to 
determine the amount of variation transmitted during this process 
was to follow. The experiment, however, was terminated at the end of 
12 months, because regeneration potential was completely lost. 
Most cells (84%) were cytologically indistinguishable from diploid 
six months after initiation, the remainder of the cells being either 
hypodiploids or containing fused chromosomes (Fig. 1 ). All of the 50 
clones isolated from this culture retained the heterozygous isozyme 
phenotypes at the five marker loci. After 12 months, however, only 
one of 40 cells was cytologically similar to diploid cells. The remaining 
cells were primarily hypodiploids. Some hyperdiploid and aneupoly-
ploid cells were also found. Despite this high level of apparent gross 
genomic reorganization, all of 50 clones isolated from this culture 
again retained the original heterozygous phenotype at all five loci. 
Since at least 28 of the 40 cells sampled appeared to be monosomic, 
and possibly n ullisomic, for at least one chromosome, one would have 
expected, statistically, that 15 of the 50 clones should have exhibited 
a hemizygous or null phenotype for at least one locus. Possible 
explanations advanced for this discrepancy were: ( 1) chromosomes 
were not lost randomly; (2) loci were preserved on fewer chromo-
somal units by rearrangement; or (3) apparent nullisomic or mono-
somic cells detected in the bulk-transferred culture were relatively 
inviable as compared to normal diploid cells. 
In a second experiment, instability at a disease resistance locus 
(Rl 12), a flowering behavior locus (A), and two isozyrne loci (Shikimic 
acid dehydrogenase (Sdh)-1 and Phosphoglucomutase (Pgm)-2, 
referred to as Pgm-1 in the original publication) was monitored 
concomitantly over time (Orton, 1985b) . Sdh-1 and Pgm-2 have been 
shown to be linked and approximately 39 map units apart, while 
Rl 12 appears to be located interstitially and A is unlinked to this 
system (Arus and Orton, 1984; Orton et al., 1984). Reciprocal hybrids, 
which were jointly heterozygous at these four loci, of tall Utah 52-70 R 
x PI 169001 were synthesized. Callus was initiated from petiole 
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segments on standard stand maintenance medium (AG-1; Table 2) 
and serially transferred monthly. Care was exercised during the 
transfer process to sample the culture randomly and completely. 
After 14 months, 100 clones were initiated from small cell aggregates 
and propagated until colonies were approximately 5 mm in diameter 
(about one month). At this time, Pgm and Sdh phenotypes were 
determined from extracts of each of the clones. Among clones from 
52-70 R x PI 169001, 100% retained the heterozygous phenotype at 
both the Pgm-2 and Sdh-1 loci. Among clones of PI 169001 x 52-70 R, 
however, 26% exhibited a distinct homo- or hemizygous 'S' phenotype 
at the Pgm-2 locus (Figure 2), while all clones remained heterozygous 
at the linked Sdh-1 locus. Cytological analyses of variant vs. non-
variant clones and subclones failed to reveal consistent differences; 
however, very high levels of background variation were present. Over 
the ensuing 18 months, all clones of the reciprocal hybrid exhibiting 
electrophoretic instability at the Pgm-2 locus changed phenotypically 
to Pgm-2 S. The peculiar circumstances surrounding the appearance 
of this type of variant prompted speculation that the Pgm-1 F coding 
sequence in only one of the reciprocal hybrids (i.e. , PI 169001 x 
52-70 R) was particularly susceptible to inactivation, and that Pgm-
2 S variant clones actually contained a Pgm-2 F (null) allele. Attempts 
to test this hypothesis were stymied by the failure to regenerate 
normal, fertile plants from any of the clones. 
More recently, experiments were initiated to determine whether 
level of medium enrichment might have an impact on the types and 
degree of measurable genetic variability in celery callus cultures 
(Orton, l 985b ). It was hypothesized in an early review (Orton, 1984) 
that highly enriched media might exhibit less selection pressure for 
normal cells when compared to "minimal" media. Callus cultures were 
initiated on AG-1 medium (Table 2) from petiole sections of four 
different celery lines: 'Tall Utah 52-70 R', PI 169001, and reciprocal 
hybrids between them. 
As callus tissues were first visible on the cut surface of the 
explants (approximately 100 days after initial explanting) , tissue 
samples were fixed for cytological studies, and 25 clones of each were 
isolated for genetic studies. As discussed in the previous section, high 
levels of chromosomal variation were present in freshly initiated 
callus of all four genotypes (Table 1) . Initiated callus tissues were 
transferred to media with three levels of enrichment (Table 2) and 
propagated by serial monthly subculture. Determinations of chromo-
somal variability, Pgm-2 phenotype, and regeneration were made on 





Figure 2. Electrophoretic variability in phosphoglucomutase in celery. F and S denote respectively the fast and slow 
electromorphs at the Pgm-2 locus. FF denotes the Pgm-2 FF control, flanked by extracts from individual clones 
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can be assumed from cytological studies of freshly initiated callus 
cultures that the initial 'progenitor' tissues of each of these twelve 
experimental cultures contained high levels of'genetic variability. Over 
time, cultures on the enriched medium, AG-MAX, exhibited the 
following attributes as compared to those maintained on AG-MIN or 
AG-1: ( 1) higher proportions of karyologically normal cells, (2) higher 
proportions of cells exhibiting the "normal" heterozygous phenotype 
at the Pgm-2 locus (considering only the PI 169001 x 52-70 R lines), 
and (3) higher regeneration potential (among lines derived from 
genotypes other than 52-70 R, from which only two plants were 
successfully regenerated). This pattern was repeated in a later 
repetition of this experiment, which had to be abandoned pre-
maturely. These observations suggest that enriched media, such as 
AG-MAX, may be associated with depressed levels of genetic variability 
in cultured celery tissues. This could be a consequence of a reduction 
of the appearance of new variants and/ or selection for normal diploid 
cells among a variable mixture. Further experiments are needed to 
verify this observation. 
Regeneration 
Plants are typically regenerated from celery cultures through 
somatic embryogenesis in a similar fashion to that well documented 
for carrot (Ammirato, 1986). In the experience of the author and 
coworkers, the transition from apparently undifferentiated tissue to 
recognizable somatic embryos is generally more sporadic in celery 
than for carrot, and the process is not always predictable. Callus 
cultures growing on 0.5 mg/ L 2, 4-D, and 0.1 mg/ I kinetin frequently 
exhibit spontaneous embryogenesis while tissues transferred to 'regenera-
tion' medium (AG-R; Table 2) often fail to show any overt signs of 
morphogenesis. Regeneration responses are themselves frequently 
non-uniform and may give rise to embryos which fail to develop into 
whole plants. The direct or indirect role of genetic instability or 
mutations on the ability of cultures to regenerate or develop is 
difficult to measure. In celery, as with other plant species, abundant 
circumstantial evidence suggests that loss of regeneration potential is 
associated with high proportions of mutant cells (Murata and Orton, 
1983; Orton, 1983; Orton, l 985a, l 985b ). Cytological studies of 
developmentally abnormal regenerated celery plants revealed aneu-
ploidy and chromosome structural rearrangements (Orton, 1983). 
Meaningful studies of the precise cause and effect relationships of 
mutations and gross genomic changes on culture growth and development 
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awaits technical breakthroughs in our ability to detect and quantify 
these processes at the molecular level. 
It is pertinent to inquire about the transmission of variation in 
cell cultures into otherwise normal-appearing somatic embryos and 
subsequent plants. Williams and Collin ( l 976b) regenerated 44 plants 
from leaf petiole callus of the cultivar 'Lathom Blanching' and 
determined chromosome numbers from root tips of the regenerates. 
Despite the fact that all 44 plants appeared normal, a substantial 
proportion (32%) were polyploid or aneuploid. Unfortunately, these 
authors presented no data on the karyological constitution of the 
derivative cultures of the variant cells (particularly putative aneu-
ploids) or genetic analyses of selfed progeny. 
Browers and Orton (1982b) compared chromosome numbers in 
an embryogenic celery suspension culture and among root tip cells in 
regenerated plants. In this particular instance, polyploid and inter-
mediate aneuploid (2n=23-43, 45-65, etc.) cells (9% of the cells in 
the culture) were completely absent in regenerates, whereas hypo-
diploid (2n less than 22) cells were always present as mixtures with 
apparently normal cells within regenerated plants. This observation 
indicated that: (1) if purely aneuploid cells or cell aggregates did exist 
in the culture (which seems likely) , they failed to regenerate normally 
except in concert with normal cells; (2) plants may be derived not 
from single cells but from multicellular aggregates which consist of 
mixtures of normal and variant cells; and (3) as an alternative (or 
adjuvant) to (2), new variant cells may arise in developing tissues. 
Further experiments were conducted to gain insights into the 
transmission of genetic variability into regenerated plants. In one 
such experiment (Orton, 1985a), genetic instability in callus tissue 
was derived from explanted petioles of a multiply marked celery, 
whereas the 6--month-old culture contained nearly 15% kmyologically abnormal 
cells. Analyses of microsporocytes of regenerated plants revealed only 
two (out of 46 total) which were clearly distinguishable from normal, 
both containing a small extrachromosomal chromatin element in 
addition to normal complement of 11 bivalents (Fig. 1). With one 
possible exception, all of approximately 100 regenerated plants 
examined for phenotypes at the seven marked loci and for new 
mutations were indistinguishable from normal. Among selfed progeny 
of 55 regenerated plants, however, one family initially exhibited a new 
recessive mutation 'abnormal leaf masked by the dominant wild type 
allele in the original regenerated plant (Figure 3). But subsequently, 
the 12-month-old culture, replete with karyological variability, could 
not be regenerated. 
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b 
Figure 3. A heritable leaf morphology mutant in celery derived from tissue 
culture: a = mutant, b = normal. 
In another experiment (Orton, 1985b ), wherein different medium 
enrichment levels were associated with variation, loss of regeneration 
potential was circumstantially associated with high levels of genetic 
variability. Where regeneration proceeded normally, manifestations of 
variation in regenerated plants were different for each line and 
culture medium, and no discernable patterns of types and degree of 
variants with respect to genotype and culture medium were apparent. 
Finally, normal Pgm-2 FF tester plants were hybridized with the 
accessioned regenerant Pgm-2 S to determine whether the variant 
was heritable and whether present in the disomic or nullisomic 
condition. Among a population of 15 progeny, 11 were FS and 4 were 
F, indicating that the variant segregated for the standard giving Pgm-
2 Sand null alleles. The proportions of progeny were significantly dif-
ferent than expected. Because of the possibility of selfed contam-
inants, the crosses are being repeated. 
CONCLUSIONS 
Genetic variability is frequently, if not usually, present in cultured 
celery cells. Investigations have shown that high levels of variation 
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may be present in very young callus tissues, implicating the callus 
induction process as potentially "mutagenic." Once introduced into 
culture, tissues exhibit responses ranging from little or no variability 
to pervasive and extensive genome rearrangements. While observa-
tions suggest that genotype and medium composition can affect types 
and degrees of variation present, the processes by which variation 
arises and is propagated remains obscure. 
Observations reported by Orton ( l 985b) suggest that, while high 
levels of variation may be present in young callus tissues, they may be 
subsequently reduced in older derivatives. Perhaps, as suggested by 
Vasil ( 1986), through selection for specific differentiated tissue types, 
such as embryogenic callus of monocot species, levels of variation may 
be maintained at a low level. Orton's observations (l 985b) also 
indicated that medium interacts differentially with genetically normal 
and variant cells. 
Information is also sparse with regard to the transmission of 
mutant cultured cells into corresponding regenerated plants. The only 
certainty is that at least a subpopulation of mutant cells is capable of 
transcending the developmental barrier. Cytogenetic anomalies such 
as polyploidy, aneuploidy (in mixtures with normal cells), and 
"accessory" chromosomes have been reported in regenerated celery 
plants (Williams and Collin, 1976b; Orton, 1983, 1985a). In the only 
thorough comparison of a culture and from it regenerated plants, an 
overall reduction in genetic variability was observed in differentiated, 
as compared with undifferentiated, cells (Orton, 1985a). In one study, 
aneuploidy was associated with developmental anomalies (Orton, 
1983). These observations, while not conclusive, are consistent with 
the notion that genetic variability undermines regeneration potential. 
Single gene mutations have been reported among selfed progeny 
of regenerated plants of many different plant species (see review by 
Orton, 1985c). Such mutation has also been reported in celery 
(abnormal leaf, Orton, 1985a). When taking all reports of mutations 
into account, it can be generalized that relatively high (1% and higher) 
frequencies of regenerated plants exhibit mutations within the 
narrow spectrum of genetic loci investigated. More experiments will 
be necessary to establish the generality of this trend. 
When the power of plant cell and tissue culture was first realized 
in the 1970s, consequent genetic instability was not considered. It is 
now well recognized. Although much remains to be accomplished, 
some patterns are beginning to emerge. The best working hypothesis 
at present is that genetic instability in cultured plant tissues is 
precipitated by stress and/ or intracellular asynchrony. McClintock 
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(1978) has demonstrated that intracellular stress (e.g., chromosome 
breakage) in maize somatic tissues triggers the movement of resident 
transposable DNA sequences. These, in turn, inactivate genes and 
cause further genome restructuring. Polyploidy is probably a con-
sequence of asynchrony between the DNA replication and the miotic 
apparatus perhaps modified by environmental changes. High levels of 
gross chromosomal variation were found in freshly initiated callus 
tissue in one report summarized herein (Orton, 1985b). It can ony be 
assumed or imagined that components of this genetic 'zoo' emerge 
which are ready and able to grow and divide in vitro, and that the 
types and proportions of variant cells evolve over time. With age, the 
culture behaves as an evolving population due to instability buffered 
by selection (see discussion by Orton, 1984). We can be thankful that 
we can begin to harness this variation and perhaps begin to cont rol it 
(Larkin and Scowcroft, 1981; Evans et al. , 1984). 
It is hoped that advances in molecular biology will soon yield the 
capability to detect and measure genetic variability in a manner that 
will expand our base of knowledge regarding this phenomenon. 
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Re: M. El Mourid, G. Q. He, F. H. Andrade, and I. C. Anderson. 1986. 
"Relationships of corn and soybean yields to weekly moving averages 
for precipitation and temperature at four climatic locations in Iowa. 
Iowa State J. Res. 61:65-80. 
Errata: 
The y axis of Figures 4, 5, 6, and 7 should be divided by 8.8, 40.3, 
8.2, and 37.6, respectively. The units of the regression coefficient for 
Figures 4 and 6 are: % change in yield cm -l week1, and for Figures 5 
and 7 the units are: % change in yield 0 G 1 week1• 
I. C. Anderson 
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van der Linden, Peter J. and Donald R. Farrar. 1984. Forest and Shade 
Trees of Iowa. Iowa State University Press, Ames, IA 50010. 133 pp. 
Cloth (ISBN 0-8138-0731-X) $25.00 and Paper (ISBN 
0-8138-0732-8) $14.95. 
One of the classes that I enjoy teaching at Iowa State University is 
"Local Flora." Students who have had no training in botany learn to 
use semi-popular books to identify the plants around them and begin 
to think about how plants affect their lives. One challenge is to teach 
enough technical vocabulary so that the statement that catalpa trees 
have simple, whorled, petiolate, heart-shaped leaves with entire 
margins isn't just gobbledygook. The pleasure comes then in watching 
students' delight when they find they can use books to identify a 
honeylocust or a fringed gentian-without help. 
If one wishes to learn about the trees of Iowa (or the upper 
mid western U. S.) on one's own, I recommend Forest an d Shade Trees 
of Iowa. This slender book does a remarkably fine job of describing, 
picturing, and giving useful information about 70 kinds of the most 
common trees encountered "in the wild" or grown as ornamentals in 
Iowa. Another 60 or so trees and large shrubs are described but not 
pictured. The book includes a well-written section on necessary 
technical terminology (with clear illustrations by Carol Peck), thought-
fully written keys to species in both winter and summer conditions, 
and chapters on Iowa's forests and on the selection of trees for 
landscaping and other purposes. A feature that makes the keys 
particularly usable by a non-botanist is the inclusion of drawings that 
illustrate characteristics that are not easily described. 
The main part of the book consists of descriptions, black and 
white photographs, and general information about the trees them-
selves. Common names are used throughout the book, but the 
scientific names are also provided. Each major species is allotted an 
entire page, with photographs of whatever features · (leaves, bark, 
twigs, flowers , etc.) are necessary to distinguish the species from 
similar ones. The detailed photographs are lighted to show textures. 
The text includes a short summary of distinguishing characteristics, 
notes on the distribution of the species in Iowa, and a succinct 
comparison to the trees with which it could be confused. Subsequent 
narrative relates biology and economic usefulness, including where the 
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tree grows, its value in landscaping or for wildlife, and often the 
meaning of the common or scientific name. Occasionally, there's a bit 
of history: "one of the contributing causes of the Revolutionary War 
was the British Crown's insistence that the biggest and straightest 
white pines in the colonies be reserved for the Royal Navy" or 
Margaret's hawthorn ''was named for the wife-to-be of the botanist 
who described it." 
A popular guide to the trees of the entire United States may seem 
a more useful choice for the beginner, but I recommend Forest and 
Shade Trees for midwestern readers because of the clarity and depth 
of the information combined with a very accessible style. Another 
advantage is that this book does not concern itself with the 500-or-so 
kinds of North American trees that are uncommon or do not grow in 
the north-central states; this simplifies the task of identification 
immeasurably. 
Van der Linden and Farrar have produced a book that is written 
for interested non-botanists but which is equally useful on the 
botanist's bookshelf. This is the book I reach for when I am trying to 
decide if the leafless twig that was sent for identification is a black or 
a peachleaf willow. It is also the book that I recommend to 
elementary school teachers who want to "do a unit on trees," to my 
botany students who want to continue to learn about trees, and to 
people who ask my advice on choosing lawn trees. 
A few hours with Forest and Shade Trees of Iowa can help you 
develop an eye for detail, an appreciation for the biology of trees, and 
might even make you consider moving that pin oak (with a mature 
height of 70 to 80 feet) you. planted under the power line last year. 
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